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Abstracts

Since the development of various forms of renewable energy such as solar,
wind and tidal energy, burning scarce fossil fuel is no longer the only option for
electricity. Manufacturing inexpensive and efficient energy storage systems on a
massive scale is fundamentally important for our society due to the
intermittency of the renewable energy. Recently, sodium-ion batteries (SIBs)
have been considered as a promising alternative to their lithium-ion battery
counterparts for next-generation energy storage because of the abundant and
cost-effective nature of sodium resources. Based on the success of commercial
layered oxide cathodes in LIBs, NaxTMO2 (with TM representing Ni, Co, Mn,
and other transition metals) has been regarded as one of the most promising
cathodes for commercial SIBs. Nevertheless, the introduction of expensive
transition metals (Ni and Co) in layered oxide cathode, and their inevitably
complicated phase transitions, and weak kinetics during the charge/discharge
process have greatly limited the practical application of SIBs. The cost of raw
materials and the electrochemical reversibility of the cathode are key factors in
the SIB systems. Low-cost layered oxides free of Ni and Co with reversible
mechanisms are considered to be the most promising cathode materials for
future SIBs. Thus, we propose using inexpensive Cu and Zn to replace Ni and
Co, and have obtained biphasic Na0.78Cu0.27Zn0.06Mn0.67O2 with superficial
1

atomic-scale P3 intergrowth with P2 phase, which represents a promising
cathode for SIBs. The inductive effect of partial Zn substitution can effectively
control the biphasic formation so as to improve the structural/electrochemical
stability as well as the ionic diffusion coefficient. As a result, the biphasic
Na0.78Cu0.27Zn0.06Mn0.67O2 delivered a reversible capacity of 84 mAh g-1 at 1 C
with a capacity retention of 85% after 200 cycles. Moreover, the working
mechanism of the biphasic Na0.78Cu0.27Zn0.06Mn0.67O2 was investigated by highresolution synchrotron X-ray diffraction and electron-energy-loss spectroscopy,
and it was concluded that the biphasic Na0.78Cu0.27Zn0.06Mn0.67O2 benefits from
the Cu2+/3+ redox reaction, which greatly inhibits the formation of the highly
disordered phase up to 4.1 V, indicating a highly reversible mechanism for this
inexpensive cathode.
Room-temperature sodium-sulfur (RT-Na/S) batteries as a member of the
sodium-based energy storage system, are inspiring great interest as a promising
high-power energy storage system. They exhibit high energy density, up to
1274 Wh kg-1, with Na2S as the final discharge product. This battery system
suffers from rapid capacity fading and low reversible capacity, however, which
can be mainly attributed to the sluggish reaction kinetics of sulfur and its Na 2S
product, along with serious polysulfide migration from the cathode. Therefore,
selecting an appropriate host material with high pore volume, structure capable
of good confinement of active materials, and abundant electrocatalytic sites for
2

trapping polysulfides within the cathode is essential for building highly efficient
RT-Na/S batteries. Interconnected hollow mesoporous structures are ideal
matrices for sulfur loading and polysulfide trapping, due to their buffered
diffusion paths, fast transfer rate, and guarantee of sufficient space for sulfur
volumetric expansion. In this doctoral work, a multifunctional S host with NiS2
nanocrystals

implanted

in

nitrogen-doped

porous

carbon

nanotubes

(NiS2@NPCTs) was rationally designed and well characterized. The sulfur
loaded NiS2@NPCTs (NiS2@NPCTs/S) cathode can deliver a high initial
capacity of 960 mAh g−1 at 1 A g−1, and it maintains a stable capacity of 401
mAh g-1 for 750 cycles. The NiS2@NPCTs/S electrode also exhibits
unprecedented rate performance of 327 and 208 mAh g−1 for 1800 and 3500
cycles at 2 and 5 A g-1, respectively. The working mechanism was
systematically characterized through optically transparent Na–S cells, in-situ
synchrotron X-ray diffraction, and density functional theory calculations. The
results show that the doped nitrogen atoms coupled with the NiS 2 nanocrystals
serve as effective electrocatalytic sites, which significantly promote fast
conversion from polysulfide to Na2S. Moreover, the possible side-reactions
between the dissolved polysulfide and the electrolyte can be prevented by the
strong polysulfide immobilization of the multifunctional sulfur host. Our
findings indicate that the electrocatalytic polysulfide immobilization and
conversion enabled by this novel host may open up a new avenue for designing
diverse S-based cathodes for superior RT-Na/S batteries.
3

In order to do deeper research on RT-Na/S batteries from laboratory-scale
research to large-scale production, a novel sulfiphilic host has also been
investigated, consisting of FeS2 nanograins grown in situ in nitrogen-doped
hierarchical carbon microspheres (FeS2@NCMS) via the inexpensive and green
spray-drying method. Multiple in-situ technologies and density functional
theory calculations confirmed that the soluble polysulfides can be strongly
adsorbed and catalyzed on the FeS2 polar surfaces. They undergo a fast
sodiation process to form Na2S2 intermediate through the polar surface with low
diffusion barriers, and then are subsequently transformed into the final
discharge product, Na2S, preventing the active material from dissolving in the
carbonate electrolyte. Consequently, this novel cathode offers a high reversible
capacity of 624 mAh g-1 at 0.1 A g-1 and a steady capacity of 395 mAh g-1 at 1
A g-1 for 850 cycles. This work could represent a new approach to superior RTNa/S batteries in terms of mass production and practical application.
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performance of the YP50F/S cathode in TMP-free and TMP-contained electrolyte.
(e) 1 C and 5 C cycling performance of the YP50F/S cathode in 15 wt.% TMPcontained electrolyte (The first four cycles are at 0.1 C).
Figure 2.33 (a) Rate capacities, (b) voltage profiles, (c) cycling performance, and
(d) the schematic diagram of the S@HCS/MoS2 composite.
Figure 3.1 Outline of the main experimental procedures involved in my
doctoral research.
Figure 3.2 The schematic illustration of the coin cell assembly.
Figure 4.1 Bulk structure of the NCM sample: (a) SEM-EDS mapping images;
(b) SEM images; (c) XRD plot and Rietveld refinement.
Figure 4.2 Morphology of the NCZM sample: (a) SEM-EDS mapping images;
(b) STEM-EDS mapping images
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Figure 4.3 (a) Rietveld refinement of synchrotron XRD pattern of NCZM. The
inset shows the SEM images in different magnification. (b) Schematic
illustrations for the corresponding crystalline structure of P2 (left) and P3 (right).
Figure 4.4 Elemental SIMS mapping and sputter depth profiles of (a,b) NCZM
and (c,d) NCM.
Figure 4.5 (a-d) Specific location for EELS signals (a), energy loss spectra of
NCZM for Cu

L2,3

(b), Mn

L2,3

(c) and Zn

L2,3

(d), respectively. Blue/red/black

curves correspond to the selecting blue/red/black areas. XANES spectra of (e)
Cu K edge of the copper standards: copper (II) oxide (red), and two samples
(NCZM, blue; NCM, pink), (f) Mn K-edge for the NCZM (green), NCM (pink)
and manganese standards: MnO (black), Mn2O3 (red), and MnO2 (blue). The
inset shows features in the pre-edge region. (g) 3D structural model of the
NCZM samples composed of P3 and P2 with corresponding Na-ion migration
paths in different layered structures.
Figure 4.6 Comparison of Na0.78Cu0.33-xZnxMn0.67O2 (x=0.03, 0.06, 0.11, and
0.33): (a) XRD plot; (b) Cyclic voltammogram at 0.1 mV/s with voltage
windows of 2.0-4.1V; (c) Cycling performance at 1 C with voltage window
from 2.5-4.1 V.
Figure 4.7 The Hydrostable comparison of NCZM, NCM and NZM: (a) XRD
of pristine materials; (b) XRD of soaked materials with real pictures as insert
images. (c) HAADF and (d) ABF images of P2@P3 NCZM composite; the red
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and orange rectangles represent P3 structure and P2 structure areas, respectively.
The enlarged images corresponding to the rectangle areas are shown in (e) and
(f) with FFT patterns and molecular model structures as inset images.
Figure 4.8 (a) Cyclic voltammogram (CV) of NCZM and NCM. (b) Rate
capability at different rates of 0.1C, 0.2C, 0.5C, 1C, 2C and 5C for NCZM (red)
and NCM (blue). (c) Cycling performance of NCZM (red) and NCM (blue). (d)
and (e) The corresponding charge/discharge profiles of NCZM and NCM
respectively. (f) Cycling performance of NCZM at different operating
temperatures (50 and 60 oC).
Figure 4.9 (a) Selected 2-Theta regions of in-situ synchrotron XRD data,
highlighting the evolution of the 002, 004, 100, and 103 reflections and the
corresponding potential profile (right). (b, c) EELS spectra of Mn L2,3 and Cu
L2,3 edges at different charge and discharge state. (d, e) Enlarged images
corresponding to the rectangle areas of 002 and 004 reflections, respectively. (f,
g) Corresponding ABF-STEM images of the interface, as reflected by the areas
marked by the rectangles in the potential profile. (h) GITT charge curve; (i) A
function of time in the potential range of 2.5-4.1 V; (j) Liner behavior of the
transient voltage changes (E) vs (τ1/2); (k) The calculated DNa from the GITT
data for NCZM and NCM samples as a function of potential during charge
process (inset: equation based on Fick's second law, where D Na (cm2 s−1) is the
chemical diffusion coefficient, Vm (cm3 mol−1) is the molar volume of the active
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materials, F is the Faraday constant, I0 (A) is the applied current, S (cm2) is the
total contact area between the electrolyte and electrodes, Zi is the number of
charge transfer, and L (cm) is the diffusion length.
Figure 5.1 Fabricating procedure, SEM, and HAADF-STEM images of
NiS2@NPCTs/S. (a) Schematic of the procedure for fabricating NiS2@NPCTs/S
composite. (b,c) SEM images, (d,e) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images. Inset of (b) the
EDX spectrum of the area. SEM and TEM images of NiS2@NPCTs/S under
different synthesis conditions. (f) Stirring without vacuum, (g) stirring with
vacuum. (h) Schematic of the structure of N-doped carbon matrixes under
different temperature.
Figure 5.2 Characterizations of as-prepared sample (a) STEM-EDS mapping
images, (b) Colored STEM image coupled with EDS line scanning (inset) of a
single cavity, and (c) HRTEM image with corresponding Fast Fourier
Transform (FFT) pattern and molecular model matched IFFT image of the
NiS2@NPCTs/S composite (insets). (d) XRD patterns of the NPCTs,
NiS2@NPCTs/S, and sulfur. (e) Thermogravimetry (TG) and derivative
thermogravimetry (DTG) curves of the NPCTs/S and NiS2@NPCTs/S. Highresolution XPS spectra of (f) Ni 2p, (g) S 2p, and (h) N 1s for NiS2@NPCTs/S
composite. (i) Comparison of C 1s spectrum between NPCTs and
NiS2@NPCTs/S composite.
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Figure 5.3 XPS, FT-IR spectra, and Raman spectra analysis. (a) Full XPS
spectrum of NiS2@NPCTs/S composite. (b) FT-IR spectra of the PPy, NPCTs,
NPCTs/S, and NiS2@NPCTs/S. (c) FT-IR spectra of pure sulfur and carbon
disulfide washed NiS2@NPCTs/S and NPCTs/S composites. (d) Raman spectra
of the NiS2@NPCTs/S, NPCTs/S, NPCTs and pure sulfur.
Figure 5.4 Room-temperature sodium-sulfur battery test (a) Cycling
performance of NiS2@NPCTs/S (red) and NPCTs/S (black) at a current density
of 1 A g-1. (b) The corresponding charge/discharge profiles of NiS2@NPCTs/S
at different cycles. (c) Rate capability at 0.1, 0.2, 0.5, 1, 2, and 5 A g-1 for
NiS2@NPCTs/S

(red)

and

NPCTs/S

(blue).

(d)

The

corresponding

charge/discharge profiles of NiS2@NPCTs/S at different current densities.
Figure 5.5 (a) Cycling performance of NiS2@NPCTs electrode at a current
density of 0.5 A g-1. (b) The corresponding charge/discharge profiles. (c) Cyclic
voltammogram of NiS2@NPCTs with the scan rate of 0.1 mV/s.
Figure 5.6 (a) Cycling performance of commercial carbon nanotubes (CNTs-S)
at a current density of 0.5 A g-1. (b) The corresponding charge/discharge
profiles. (c) XRD pattern. (d) Nyquist plots for CNTs-S and NiS2@NPCTs/S
composite after 10 cycles.
Figure 5.7 SEM, cross-profile EDS mapping images. (a) CNTs-S and (b)
NiS2@NPCTs/S electrodes with digital photographs of the corresponding
separator. (c) Voltage vs time graph of the Na-S cell discharged to 1.6 V.
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Figure 5.8 Visible adsorbability to polysulfides (a) Ultraviolet/visible (UV-vis)
spectra and corresponding photographs (inset) of pure Na 2S6 solution and the
solution after exposure to NiS2@NPCTs and NPCTs. Visual confirmation of
polysulfide entrapment of (b) NPCTs/S and (c) NiS2@NPCTs/S at specific
discharge depths. (d) STEM-EDS mapping images of NiS2@NPCTs/S
composite after 100 cycles.
Figure 5.9 Characterization of mechanism (a) In situ synchrotron XRD patterns
of the RT-Na/S battery containing a NiS2@NPCTs/S electrode with the
corresponding galvanostatic charge/discharge curves at the current density of
200 mA g-1, and contour plot of XRD patterns in selected ranges of degrees. (b)
Atomic conformations and binding energies for Na2Sx species adsorption on
NiS2 (100) surface. (c) Comparison of the binding energies of various Na2Sx
molecules bound to NiS2, N-doped carbon nanotube, and carbon nanotube,
respectively, with atomic conformations of Na2S4 adsorption on N-doped
carbon nanotube and carbon as insets.
Figure 6.1 Schematic illustration of the synthetic process for the
FeS2@NCMS/S composite.
Figure 6.2 Schematic diagram of the laboratory-scale spray-drying system used
to prepare the composite precursor powders of the Fe source, β-cyclodextrin (βCD), polyvinylpyrrolidone (PVP), and the N source additives.
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Figure 6.3 (a) XRD patterns of the Fe3O4-Fe@NCMS, FeS2@NCMS/S, and
sulfur-removed FeS2@NCMS. (b) Histogram showing the size distribution of
FeS2 nanoparticles based on a count of 100 nanoparticles with the
corresponding HAADF-STEM image of FeS2@NCMS/S obtained by the
focused ion beam (FIB) as inset. (c) Thermogravimetry (TG) and
thermogravimetry (DTG) derivativecurves of the FeS2@NCMS/S and NCMS/S.
(d) N2 absorption/desorption isotherms and pore size distribution (inset) for the
Fe3O4-Fe@NCMS matrix and FeS2@NCMS/S composite.
Figure 6.4 High-resolution XPS spectra of (a) Fe 2p for Fe3O4-Fe@NCMS
matrix and (b) Fe 2p, (c) S 2p, and (d) N 1s for FeS2@NCMS/S composite.
Figure 6.5 FESEM images at (a) low and (b) high resolution of FeS2@NCMS/S
composite with histogram showing size distribution as inset. (c and d) TEM
images of FeS2@NCMS/S composite. (e) STEM image and (f) HRTEM image
of FeS2@NCMS/S composite. (g) HAADF-STEM image matched with the
corresponding molecular model of FeS2, and (h) corresponding FFT image of
FeS2@NCMS/S composite. (i) STEM-EDS mapping images coupled with EDS
line scanning of FeS2@NCMS/S composite.
Figure 6.6 FESEM, magnified FESEM, and TEM images of carbonized spray
dried powders by different recipes: (a) as-prepared solution without Fe source
(amorphous carbonized dextrin), (b) as-prepared solution without PVP, and (c)
as-prepared solution with dextrin derived from potato.
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Figure 6.7 (a) STEM-EDS mapping images of a cross section of the
FeS2@NCMS/S cathode obtained by the focused ion beam (FIB) technique. (b)
Thermogravimetry (TG) curve of FeS2@NCMS matrix under flowing air.
Figure 6.8 (a) Cyclic voltammograms of FeS2@NCMS/S composite at 0.1 mV
s-1. (b) charge/discharge curves of FeS2@NCMS/S composite at 0.1 A g-1. (c
and d) Cycling performance and rate performance of FeS2@NCMS/S and
NCMS/S, where solid and hollow spheres represent discharge and charge,
respectively. (e) Comparison of this work with previously reported RT-Na/S
batteries with respect to the rate capability and capacity retention relative to the
2nd cycle after the first 50 cycles (inset).
Figure 6.9 (a) Cyclic voltammograms of NCMS/S cathode for the first four
cycles. (b) Cycling performance of FeS2@NCMS/S at 1 A g-1 (discharge at 0.1
A g-1 in the initial cycle)
Figure 6.10 (a) Cycling performance of CMS/S at a current density of 0.5 A g-1
with corresponding charge/discharge curves as inset. (b) Nyquist plots for
FeS2@NCMS/S, NCMS/S, and CMS/S with the equivalent circuit model as
inset. (c) SEM images and cross-sectional EDS mapping images: (i)
FeS2@NCMS/S, (ii) NCMS/S, and (iii) CMS/S electrodes with digital
photographs of the corresponding separators.
Figure 6.11 Visual confirmation of polysulfide entrapment of FeS2@NCMS/S
(left) and NCMS/S (right) cells at specific discharge depths.
24

Figure 6.12 (a) Pouch cell cycling performance at room temperature. The insets
show a photograph of the pouch cell with our FeS2@NCMS/S (left) and a
schematic illustration of the single pouch cell configuration (right). (b)
Charge/discharge curves for the second cycle. CMC: carboxymethyl cellulose
binder.
Figure 6.13 (a) In-situ synchrotron XRD patterns of an RT-Na/S battery
containing a FeS2@NCMS/S electrode with the corresponding galvanostatic
charge/discharge curves at the current density of 200 mA g -1. (b) Atomic
conformations and binding energies for Na2Sx species adsorption on the FeS2 (0
0 1) surface. (c) Comparison of the binding energies of various Na2Sx molecules
bound to FeS2, N-doped carbon, and pure carbon, respectively, with atomic
conformations of Na2S4 adsorption on N-doped carbon and pure carbon as insets.
(d) Top view schematic representation of corresponding diffusion pathways for
FeS2. (e) Energy profiles for three different diffusion processes of Na ions on
the FeS2 (0 0 1) surface. Schematic illustration of the sulfur conversion process
and the electrocatalytic mechanism of (f) FeS2@NCMS/S and (g) NCMS/S.
Figure 6.14 (a) Schematic illustration of in-situ TEM apparatus and pristine
image of an individual FeS2@NCMS/S particle. (b and c) Sequential images of
FeS2@NCMS/S electrode from in-situ TEM measurements during sodiation and
desodiation processes, respectively. (d) In-situ SAED patterns for the
FeS2@NCMS/S electrode operated at various states during the initial discharge.
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Chapter 1 Introduction

1.1 General background
Since the development of various forms of renewable energy such as solar,
wind and tidal energy, burning scarce fossil fuel is no longer the only option
for electricity.1 Manufacturing inexpensive and efficient energy storage
systems on a massive scale is fundamentally important for our society,
however, due to the intermittency of the renewable energy. Lithium-ion
batteries (LIBs) have attracted great attention since their introduction by Sony
in the early 1990s. In the 21st century, LIBs have been widely used in mobile
phones, notebook computers, electric vehicles, and even microchips, due to
their superior properties compared to conventional batteries, such as ecofriendliness, high energy density, high rate capability, and long cycling life.2-4
Nevertheless, the long-term consumption of lithium and transition metal
resources have caused the price of LIBs to increase rapidly. For example,
over the last two years, the price of Li2CO3 (raw material for LIBs) per ton
has already risen from $4900 to $7080, and it is predicted to rise further with
the booming growth of electric vehicles and related electronic products.5 To
solve this problem, scientists worldwide are trying to find a substitute for
LIBs, which could offer the good functionality and a cheap price. Sodium-ion
batteries (SIBs) have been considered as a promising substitute for their LIB
27

counterparts as next-generation energy storage systems due to the abundant
and cost-effective nature of sodium resources. Indeed, the price of Na2CO3
(raw material for SIBs) per ton is $350 which is much cheaper than Li2CO3
for LIBs.6 The main cost of SIBs is not only, however, due to the sodium
resources, but also the cathode materials. Layered NaxTMO2 (with TM
representing one or more of the transition metals) is likely to be more
competitive commercially due to the success of layered oxide cathode in LIBs.
Nevertheless, in order to obtain high capacity and cycle life, highly active but
expensive Co and Ni are preferred in SIBs, due, in part, to their widespread
use in LIBs.7, 8 For this reason, one of the most cost-effective strategies is to
find a low-cost and abundant transition metal for redox centres, such as Cu or
Fe, which could dramatically reduce the fabrication cost. For large-scale
energy storage systems, the energy density is also a critical issue for meeting
ever-increasing demands, and the low energy density of SIBs (~150 Wh kg-1)
has given rise to another sodium storage system with high sodium storage
capability and further reduced cost.9 Sulfur, as a highly electrochemically
active element with nontoxicity and abundant reserves, can offer a high
theoretical energy density (1274 Wh kg-1) as cathode material in roomtemperature sodium-sulfur (RT-Na/S) batteries.10, 11 In addition, compared to
traditional SIBs, sulfur can be directly used as the cathode material without
any expensive transition metals, which can further reduce the manufacturing
cost. Although their practical applications are mainly impeded by the
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problematic S cathode due to its insulating nature and the slow redox kinetics
of sulfur, considering their much higher energy density and suitable price,
RT-Na/S batteries are still promising for next-generation batteries.
1.2 Challenges for room-temperature sodium-sulfur batteries
The research on sodium-sulfur batteries started in the 1960s, when Ford
Motor Company developed high-temperature Na–S batteries, which have
been commercialized in smart grid stationary storage.12, 13 The traditional Na–
S batteries need to be operated at high temperature (around 300-350 oC),
however, which could potentially induce severe safety issues and lead to
Na2S3 as the final discharge product with low theoretical energy density of
760 Wh kg-1.14 Consequently, RT-Na/S batteries are arousing great interest,
since they could well address the safety hazard and exhibit an increased
energy density up to 1274 Wh kg-1 as well.15-17 RT-Na/S batteries suffer,
however, from rapid capacity fading and low reversible capacity, which can
be mainly attributed to the low conductivity and reaction kinetics of sulfur
and the Na2S product, as well as serious polysulfide migration from
cathode.18 The most popular strategy is to encapsulate sulfur in
nanostructured carbon matrices, although the nonpolar nature of the carbon
hosts means that they can only partially retain polysulfides by weak physical
van der Waals interaction.19 Another way is to use a polar species as a sulfur
host,20 although, polar sulfur hosts have much lower conductivity than carbon
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materials, which inevitably compromises the rate capability and specific
capacity as much as the insulating nature of sulfur. Therefore, it is crucial for
us to find a suitable sulfur host that can not only effectively immobilize
polysulfide migration, but also accelerate the reaction kinetics.
1.3 The goals of this work
There are two main goals in this doctoral work: One is to find a promising
cathode material with a stable structure and a cost-effective transition metal
to provide redox centres for sodium-ion batteries, since the most popular Co
and Ni redox centres are quite expensive and suffer from structural distortion
during cycling in sodium-ion batteries. The other one is to explore synergetic
effects towards physical confinement and chemical bonding to immobilize
the polysulfides in high power room-temperature sodium-sulfur batteries with
boosted electrochemical performance. This includes revealing the sodium
storage mechanisms via advanced techniques and media, such as in-situ
synchrotron X-ray diffraction (SXRD), in-situ transmission electron
microscopy (TEM), X-ray absorption spectroscopy (XAS), and density
functional theory (DFT) calculations.
1.4 Chapter overview
Chapter 2 presents the general background and current state of knowledge on
the sodium-based energy storage systems. A comprehensive overview,
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consisting of basic concepts, working principles, electrodes materials, and
electrolytes, is concisely introduced.
Chapter 3 presents the experimental procedures and characterization
techniques involved in this thesis, including the details of chemicals,
synthesis

methods,

and

chemical,

physical,

and

electrochemical

characterization techniques.
Chapter 4 presents the electrochemical behaviour of a novel layered oxide
obtained by superficial atomic-scale P3 intergrowth with P2 phase that is
induced by Zn doping, which consists of the inexpensive transition metals Cu,
Zn, and Mn. The P3 phase as a covering layer in this composite is well
revealed to have not only excellent electrochemical performance, but also
high tolerance to moisture. The results indicate that partial Zn substitution
can

effectively

control

biphase

formation

to

improve

the

structural/electrochemical stability as well as the ionic diffusion coefficient.
Based on in-situ SXRD coupled with electron energy loss spectroscopy
(EELS), it is demonstrated that most of Cu2+ ions are oxidized to Cu3+ below
3.8 V during the charge process through a solid solution reaction, leaving
small quantities of Cu2+ that are involved in the Na extraction at 3.8 V with
phase transitions. This biphasic material with high structural/electrochemical
stability, cheap redox centres, and tolerance toward water and high
temperature is a promising cathode candidate for SIBs.
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Chapter 5 discusses the synthesis of a multifunctional sulfur host, NiS2
nanocrystals implanted in nitrogen-doped porous carbon nanotubes
(NiS2@NPCTs), which is rationally designed to achieve high polysulfide
immobilization and conversion in RT-Na/S batteries. In-situ synchrotron
XRD and DFT calculations were performed to investigate the sodium storage
mechanism and chemical bonding energy in sulfur loaded NiS2@NPCTs
cathode, and the results confirmed that the doped nitrogen atoms coupled
with the NiS2 nanocrystals serve as effective electrocatalytic sites, which
promote fast conversion from polysulfide to Na2S. Significantly, N-doping
sites and the NiS2 polar surfaces are capable of enhancing the adsorption
energy of polysulfides, leading to strong catalytic activity towards polysulfide
oxidation.
In Chapter 6, the RT-Na/S batteries are further developed from laboratory
research to practical application. A novel sulfiphilic host is presented,
consisting of FeS2 nanograins grown in situ in nitrogen-doped hierarchical
carbon microspheres (FeS2@NCMS) via a facile and industrially suitable
spray-drying method. The hierarchical carbon matrix can provide multiple
sources of physical entrapment of polysulfides, and the FeS2 nanograins
exhibit a low Na-ion diffusion barrier, strong binding energy, and high
affinity for sodium polysulfides. Their combination makes this material an
ideal sulfur host to immobilize the polysulfides and achieve reversible
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conversion of polysulfides to Na2S. This synthesis strategy for a high-kinetics
sulfur cathode with high reversible capacity (524 mAh g-1 over 300 cycles at
0.1 A g-1) and outstanding rate capability (395 mAh g-1 at 1 A g-1 for 850
cycles) via the spray-drying method involves a simple process, is low in cost,
and easy for industrialization, holding great promise for both scientific
research and real application.
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Chapter 2 Literature Review

2.1 Development history of the sodium-ion batteries and room-temperature
sodium-sulfur batteries
The development of high-energy sodium-based energy storage systems can be
traced from the discovery of the very high Na+ ion conductivity in β-Al2O3 to
batteries (sodium/sulfur and sodium/NiCl2) for energy supply or even electrical
vehicles in the 1930s.21,
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All the research on sodium-based energy storage

systems in the following years was focused on the solid state electrochemistry,
using β-Al2O3 or its relatives as solid electrolyte to transport the Na+ ions.23, 24
At the end of the 1970s, a series of layered dichalcogenides, such as TiS2, TaS2,
and ZrS2, with an intercalation type mechanism for lithium was been presented
by Whittingham et al., which opened the avenue to reversible lithium batteries
with liquid electrolytes.25-28 Among those layered dichalcogenides based on the
concept of the rocking chair battery which was only known for lithium metal
batteries, TiS2 and WO3 were considered for sodium ion intercalation.29, 30 In the
late 1980s, the layered oxides (NaMO2 (M= 3d element) were introduced as
cathode materials for sodium ion batteries, analogous to the layered LiCoO2
cathode of lithium ion batteries introduced by Goodenough et al.28, 31 Thanks to
the contributions of Goodenough to the layered LiCoO2 cathode and Rachid
Yazami to the graphite anode, Sony commercialized the LIBs with the LiCoO2
and graphite in the early 1990s, which avoided the problem of dendrite
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formation and promised a long cycle life. Therefore, LIBs with higher energy
density, better stability, and flexibility with respect to all devices attracted
almost all the battery researchers around the world. In the following decades,
the research on SIBs almost stopped. One of the formidable obstacles was the
lack of suitable anode materials for sodium intercalation. In 2000, Dahn et al.
discovered the interesting electrochemical behaviour of hard carbon as a sodium
anode material, which aroused the interest of almost all battery researchers
worldwide.32, 33 Simultaneously, cathode materials based on cost-effective redox
centres, such as Fe, Cu, and Mn, were found to be electrochemically active in
SIBs.34, 35 These breakthroughs in both anode and cathode materials made it
possible to push SIBs from laboratory research to industrial production. A
comparison of the number of publications per year for lithium and sodium
batteries is displayed in Figure 2.1. It is obvious that the amount of research
focusing on the sodium batteries has been dramatically increasing, and their
commercialization will still be a hot topic for scientific research in the coming
decades.
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Figure 2.1 Comparative evolution of the number of publications per year for
lithium and sodium batteries.21
Research on the electrochemical reactions between sulfur and sodium can
be traced back to the end of the 1960s. β-Al2O3 was used as the solid electrolyte
for the sodium-sulfur batteries that were commercialized by NGK Insulators
Ltd..21 They are commercially available in Japan and in the United States with a
discharge power capacity of ~530 MW, and are extensively applied for load
levelling, peak shaving, energy arbitrage, auxiliary power, and energy storage in
electrical grids.10 This technology has advantages in terms of reasonable power,
temperature stability, and high efficiency with long cycle life. Their operating
temperature, however, around 300-350 oC, could potentially introduce severe
safety issues and lead to Na2S3 as the final discharge product, which has low
theoretical energy density of 760 Wh kg-1. Therefore, for the aim of achieving a
high energy and safety stationary energy storage system, RT-Na/S batteries
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(1274 Wh kg-1) stand out due to their overwhelming advantages in both costefficiency and energy density. Sulfur containing composites and sodium metal
have been introduced as cathode and anode materials, respectively, for RT-Na/S
batteries. Both sulfur and sodium in this system offer abundant reserves in the
Earth’s crust and ocean, which are for cheaper than those transition metals and
lithium involved in SIBs and LIBs. This battery system suffers from rapid
capacity fading and low reversible capacity, however, which can be mainly
attributed to the sluggish reaction kinetics of sulfur and its Na2S product, along
with serious polysulfide migration from the cathode.36 In 2007, Park et al. first
reported a conventional mixed sulfur cathode for RT-Na/S batteries, showing an
initial capacity of 489 mA h g-1 and rapid decay over 10 cycles.37
Simultaneously, Wang et al. developed the first hybrid composite cathode,
containing sulfur and conductive polymer, which showed better reversible
capacity and cycle life, and greatly accelerated the development of RT-Na/S
batteries.17 To date, designing and constructing an efficient sulfur-based
composite cathode has been considered as one of the greatest challenges for RTNa/S batteries. Based on the above points, research on RT-Na/S batteries still
has a long way to go, and progress is still impeded by the so-called shuttleeffects of sodium polysulfides.
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2.2 Concepts and working principles of sodium-ion batteries and roomtemperature sodium-sulfur batteries
The concepts and working principles of sodium-ion batteries and roomtemperature sodium-sulfur batteries are somewhat similar, since they all are
assembled with a cathode material, anode material, separator, and electrolyte,
consisting of a sodium salt in organic solvents, and all of their capacities come
from the transport of Na+ ions and electrons between the cathode and the anode
materials. The term electrode here means the processed cathode material or
anode material in combination with conducting carbon (such as Super P or
carbon black) and binder (such as PVDF or CMC) in solvent (such as NMP or
distilled water). The purpose of the binder in battery fabrication is to keep the
current collector (such as Al foil) and the electrode slurry in firm contact. Using
different types of active materials in the cathode and anode, however, requires
different fabrication processes and working mechanisms for sodium-ion
batteries and room-temperature sodium-sulfur batteries. Currently, the organic
based binders are preferred in sodium-ion batteries, since the sodium containing
electrode materials are water sensitive.18 On the contrary, the sulfur electrode
materials and conductive additive with lower melting points in roomtemperature sodium-sulfur batteries are more suitable for low-cost and
environmentally friendly water-based binders. The concepts and working
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principles of SIBs with redox reactions occurring at the cathode and anode
through Na+ ion intercalation is displayed in Figure 2.2.

Figure 2.2 Schematic operation principle and charge/discharge mechanism of
SIBs, in which the cathode materials and anode materials are represented by
layered NaMnO2 and hard carbon, respectively.38
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For RT-Na/S batteries, the typical conversion principle is shown in Figure
2.3. Metallic sodium is introduced as the anode material and oxidized during
discharging, resulting in the production of sodium ions and electrons. The Na+
ions travel internally to the sulfur cathode through the electrolyte.
Simultaneously, the sulfur can be reduced by the Na+ ions and converted to
sodium polysulfides. The opposite process occurs during the charge process.

Figure 2.3 (a) Principle of operation of Na/S cell during the discharge process.
(a) Representation of voltage profile of Na/S cell with the various phases
present at each stage of discharge.39
2.3 Current cathode materials for sodium-ion batteries
2.3.1 Sodium layered oxides
Based on the successful commercialization of layered oxide compounds in LIBs,
sodium layered transition metal oxides, NaxTMO2 (with TM representing one or
more of the transition metals), have attracted the most studies over the past
several decades. Normally, there are three major groups of NaxTMO2 polytypes:
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O3, P3, and P2 structures can be obtained by high temperature chemistry, where
the letter O or P refers to octahedral or prismatic sites occupied by alkali ions
and the number indicates the repeating cell unit of the transition metal layers.6, 40,
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As shown in Figure 2.4, the structures of the typical Na layered transition

metal oxides are constructed by a stacking arrangement in which the alkali ions
are stacked between layers that are constituted by MO6 edge-sharing octahedral
units, forming two MO2 sheets per unit cell.8 These polytypes can be
synthesized by traditional chemical routes, although each type of Na xTMO2 has
issues impeding its application.

Figure 2.4 Structures of the O3, P3, and P2 layered oxides. The sodium
environment is represented for each structure.21
As the most competitive phase for industrialization, O3-type NaxTMO2 has
been extensively studied due to its adequate sodium-ion storage and high
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reversible capacity. The high capacity of the O3-type in conjunction with its
inevitably complicated phase transitions and weak kinetics performance during
the charge–discharge process directly results in serious decay of the capacity
and also the cycle life. In addition, the fully sodiated state is quite unstable,
even when exposed it to air for just a short period of time.7, 42-45 P3-phase has
drawn less attention than O3, because it is highly deficient in sodium, especially
in full cells. Nevertheless, the stability against humid air and water tolerance of
P3-phase gives us a hint that it might be profitable to make good use of it.46 In
comparison, P2-type NaxTMO2 (0.46 d x d 0.83) with a wide range of sodium
content seems more attractive as a candidate for high-rate and long-cycling
electrodes.47, 48 The research on layered oxide compounds was firstly focused on
single-metal oxides. Delmas et al. were the first to propose P2-NaxCoO2 for
SIBs, which showed a practical capacity of 70-100 mAh g-1.49 The capacity and
cycling performance of single-metal oxides is not that appealing, however,
when compared to LIBs. As shown in Figure 2.5, the profile curves of NaxMO2
(M: a single element present) show evidence of the occurrence of complex
phase transitions and voltage drops due to Na- vacancy ordering, or slab gliding
in the case of the O3 type phase.21
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Figure 2.5 The GITT electrochemical battery discharge (right side) enables the
equilibrium potential for each given composition to be obtained. At the end of
each relaxation step (top right inset), XRD measurements are carried out to
characterize the corresponding system.49
In order to improve the capacity and stability of the single element system,
researchers moved toward binary and ternary NaxTMO2 systems with several
transition metals in the MO2 slab. Yabuuchi et al. synthesized P2-Nax[Fe0.5Mn0.5]O2 cathode from earth-abundant elements for SIBs. The binary
oxide cathode showed a practical capacity as high as 190 mAh g-1, which is a
promising cost-effective material for future SIBs. As illustrated in Figure 2.6, it
also has a very bright future for practical application even compared to LIBs.41
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Figure 2.6 A comparison of reversible capacity and operating voltage ranges of
the layered sodium insertion materials.41
In 2015, Hwang et al. presented ternary O3-Na[Ni0.58Co0.06Mn0.36]O2 with a
radially aligned hierarchical columnar (RAHC) structure as a cathode material
for high-energy-density SIBs. As shown in Figure 2.7, the ternary O3Na[Ni0.58Co0.06Mn0.36]O2 based on the electrochemical reaction of Ni2+/3+/4+
provided not only an appealing capacity of 157 mAh g-1 but also an incredible
stability for 300 cycles with 80% capacity retention in a full cell (hard carbon as
anode), which has greatly boosted the development of practical SIBs.50
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Figure 2.7 Comprehensive overview of electrochemical performance of the
C/RAHC and C/Bulk battery.50
Based on Hwang’s success, the sodium transition metal oxides cathode has
become a hot topic for practical SIBs. On the one hand, many other similar
types of NaxTMO2 systems have been discovered. Singh et al. found that Mgdoped Na0.67[Ni0.3-xMgxMn0.7]O2 could enhance the stability and rate capability
of

SIBs.[51]

Wang

et

al.

used

large-scale

synthesis

to

produce

Na[Ni1/3Fe1/3Mn1/3]O2 as a high performance cathode material for SIBs.52 On the
other hand, biphasic NaxTMO2 systems have also become a research hotspot in
the SIB field. As illustrated in Figure 2.8, sodium transition metal oxides with
P2 and O3 integration were reported by Guo et al..9 The Li doping induced
biphasic structure benefits from the cycling stability of P2 and sufficient Na+ of
O3, which surpass other
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Figure 2.8 (a) XRD patterns of P2+O3 NaLiMNC composite and Rietveld
refinement. The inset shows the enlarged diffractionarea between 30o and 50 o.
(b) The layered structures P2 (left) and O3 (right).9
single phase rivals as cathode for SIBs. The accurate atomic arrangement with a
clear phase interface between two distinct stackings is illustrated in Figure 2.9.
O3 phase itself is a more sufficient sodium-ion reservoir, and enlargement of
the P2 layered spacing is beneficial for easy diffusion of sodium, which would
activate more sodium ions in the electrochemical reaction. This cathode showed
an energy density of 640 Wh kg-1, which is even comparable to LiFePO4 (~530
Wh kg-1 versus Li). Afterwards, Hou et al. proposed a stable layered P3/P2 and
spinel intergrowth composite with traditional Ni, Co, and Mn ingredients for a
long-life and high-rate cathode for SIBs. Their work well established the
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positive effects of biphasic synergy towards improving the thermodynamic
stability and Na+ kinetics.53 Lee et al. reported a layered P2/O3 intergrowth
cathode for high power SIBs. They found that the layered P2/O3 cathode, when
incorporated with Li, could interlock the layer shifting, thus promoting the
smooth diffusion of Na for high rate performance.54

Figure 2.9 The STEM HADDF and ABF images of the P2+O3 NaLiMNC
composite (left). The enlarged images corresponding to the rectangle areas
(right).9
Most recently, the selection of cathode materials for SIBs was found to be
the key to maintaining high energy density and low cost. Layered oxides
without Ni, Co, and Li are considered to be the most promising type of cathode
for future sodium-ion batteries. Li et al. replaced the expensive Ni and Co as
redox centres with the cheap metals Cu and Fe, and synthesized air-stable P2Na7/9Cu2/9Fe1/9Mn2/3O2 as a novel positive electrode for SIBs.55 It is worth
nothing that Cu, Fe, and Mn are all electrochemically active in this system, and
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there is no phase transformation during the charging and discharging process,
which can ultimately benefit its long term stability. In their following work, a
high power air-stable O3-Na0.9Cu0.22Fe0.3Mn0.48O2 cathode was introduced,
which showed high performance in its full cell test.56 This material with
coexisting O3 and P3 phases also undergoes a two-phase reaction to O燵3 phase,
and then reverses back to O3 phase, as illustrated in Figure 2.10. In addition,
there are many other novel multi-metal oxides being pursued for highperformance SIBs, such as NaTi0.5Ni0.5O2 and Na0.61Mn0.27Fe0.34Ti0.39O2.45, 57

Figure 2.10 Structure evolution during electrochemical charge/discharge
process.56
2.3.2 Phosphates
Research on the phosphates with 3D skeleton structures has become very
attractive since the intercalation of Na+ ions was demonstrated in NaTi2(PO4)3
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and the new-type LiFePO4 cathode discovered by Goodenough et al.58, 59 The
sodium superionic conductor (NASICON) NaFePO4 cathode with two
structures is particularly interesting. Olivine NaFePO4 is constructed by
confining the Na and Fe atoms to half of the octahedral sites and the P atoms to
one-eighth of the tetrahedral sites of a hexagonal-close-packed oxygen array as
illustrated in Figure 2.11.60 In this structure, the corner-sharing Fe octahedra
form linear chains parallel to the c-axis in other a-c planes, and each Fe
octahedron shares an edge with one P tetrahedron, which could provide cationic
transport channels in the structure. Thus, it offers a high theoretical capacity of
154 mAh g−1 and a working plateau of 2.9 V (vs Na+ /Na) based on the Fe3+/2+
redox centre. Maricite NaFePO4, however, is found to be electrochemically
inactive in SIBs due to the lack of cationic transport channels.38, 61
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Figure 2.11 Structure of (a) maricite NaFePO4, (b) olivine LiFePO4, and (c)
olivine NaFePO4.60
Another typical representative NASICON Na3V2(PO4)3 is of particular
interest as a promising cathode candidate for SIBs. In the Na3V2(PO4)3, cornersharing of PO4 tetrahedra and VO6 octahedra creates a three-dimensional
[V2P3O12] skeleton and defines three Na+ ions as shown in Figure 2.12. This
material provides a reversible V4+/3+ redox centre at 3.4 V, as well as favourable
ion diffusion channels. Nevertheless, not all of the sodium can be extracted out
of the cathode below 4.5 V. Therefore, it can only provide a low theoretical
capacity of 117 mAh g−1 in SIBs.62
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Figure 2.12 Crystal structures of (a) olivine NaMPO4, (b) NASICON Na3V2
(PO4)3, (c) triclinic Na2MP2O7, (d) orthorhombic Na2MP2O7, (e) orthorhombic
Na4M3(PO4)2P2O7, (f) orthorhombic Na2MPO4F, (g) monoclinic Na2MPO4F,
and (h) tetragonal Na3M2(PO4)2F3.38
Na4M3(PO4)2P2O7 (where M refers to Co, Fe, and Mn) is a new branch of
polyanion-based cathodes with mixed phosphate/pyrophosphate groups. As
illustrated

in

Figure

2.13,

the

typical

representative

compound

Na4Co3(PO4)2P2O7 with an orthorhombic structure can provide a high working
potential of 4.4 V and a reversible capacity of 95 mAh g−1 as cathode material
for SIBs.63 The Na2CoPO4F with orthorhombic structure represents the
fluorophosphate family. The carbon coated Na2CoPO4F could provide a
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reversible capacity of 100 mAh g−1 and high working potential above 4.0 V.64
Another interesting high-voltage cathode material with a tetragonal structure is
NaVPO4F, which was introduced as a high-voltage cathode for 3.7 V full cell
SIBs. Recently, Ruan et al. modified NaVPO4F with graphene, which greatly
improved its capacity up to 120 mAh g−1 and gave it a stable cycle life for 50
cycles.65 There have been many subsequent works on the big phosphate family
for the cathode materials, such as on Na3V2(PO4)F3 and Na3(VOx)2(PO4)F3−2x
species, which all have greatly contributed to the development of SIBs.66

Figure 2.13 Cyclic voltammograms of Na4Co3(PO4)2P2O7 at the 2nd and 5th
cycles. The sweeping potential was between 3.9 V and 4.8 V vs. Na +/Na at the
rate of 0.01 mV s-1.63
2.3.3 Sulfates
As another polyanionic family, a few sulfates, such as Na2Fe2(SO4)3,
NaFe(SO4)2, and Na2Fe(SO4)2·2H2O, were found to be active cathode materials
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for SIBs.67-69 As shown in Figure 2.14, Na2Fe2(SO4)3 compound with a unique
alluaudite-type framework offers the highest average potential of 3.8 V based
on Fe redox centres and delivers a reversible capacity exceeding 100 mAh g−1.67
In comparison, the other two sulfates with pseudo-layered monoclinic structure
(Na2Fe(SO4)2·2H2O) and eldfellite structure (NaFe(SO4)2) possess convoluted
ion diffusion channels, resulting in low reversible capacity and working
potential.

Figure 2.14 Crystal structure of Na2Fe2(SO4)3.67
2.3.4 Prussian blue analogues
Prussian blue (Fe[Fe(CN)6]·n × H2O) and its analogues (AxM[Mʹ(CN)6]·n ×
H2O) are metal hexacyanometallates (AxMMʹ(CN)6, A: alkali metal, Mʹ and M:
transition metal ions coordinated to carbon and nitrogen respectively). Prussian
blue analogues with the perovskite-type structure where there are two redox
metal ions situated at the cube corners and cyanide groups, have provoked wide
interest in exploring their energy storage performance in SIBs, since the open
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framework of M[Mʹ(CN)6] can accommodate a maximum of two alkali metal
ions. The most popular redox centre for Prussian blue analogues is Fe due to its
earth abundance and electrochemical activity in this perovskite-type structure. Y.
You and Y. Guo reported high-quality Na0.61Fe[Fe(CN)6]0.94 crystals with a
small amount of [Fe(CN)6] vacancies and coordinating water content via a
single-iron-source method.70 Compared to low-quality Prussian blue, this highquality Prussian blue benefiting from its slow crystal growth kinetics, which
provides more effective structural integrity, offers a highly reversible
mechanism of cubic ↔ cubic ↔ rhombohedral (Figure 2.15) in the course of
cycling.

Figure 2.15 A schematic mechanism of the redox mechanism of high-quality
Prussian blue.70
As you may aware, the vacancies and coordinating water exist in Prussian
blue analogues will distort the lattice of the M[Mʹ(CN)6] framework, which
could potentially cause structural instability. D. Yang and Z. Ma et al. reported
a micro cubic Prussian blue analogue free of coordinated water.71 They removed
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the coordinating water by thermal treatment of graphene oxide (GO) and
Prussian blue (PB) as illustrated in Figure 2.16. Based on the Fe redox centre,
thermally treated Prussian blue delivered a high reversible capacity of 160 mAh
g−1 and a stable cycle life for 500 cycles with more than 90 % capacity retention.

Figure 2.16 A schematic mechanism for the removal of coordinated water.71
2.4 Current cathode materials for room-temperature sodium-sulfur
batteries
2.4.1 Sulfurized organic compounds
The first sulfurized organic compounds utilized in room-temperature sodiumsulfur batteries were reported by R. Holze et al..17 The sulfur conductivepolymer type cathode, benefiting from its composition of π-conjugated ring
structures due to the cyclization of the -CN groups in polyacrylonitrile (PAN),
exhibits excellent thermal stability via covalent bonds to sublimated sulfur
species. The composite material with a sulfur loading content of 45 wt%
delivered a reversible capacity of 520 mAh g−1 and retained about 500 mAh g−1
after 18 cycles, indicating that the sulfur in the composite exhibits good
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electrochemical reversibility via the reaction, 2Na + xS ↔ Na2Sx at room
temperature. On that basis, T. Hwang and J. Choi et al. synthesized sulfurcarbonized PAN nanofibers by annealing a sulfur/PAN mixture at a higher
temperature of 450 oC.13 As illustrated in Figure 2.17, PAN carbon matrix
produced by electrospinning can form C-S chemical bonds with sublimated
sulfur under the high sulfurization temperature. The stable atomic arrangement
of sulfur in the carbonized PAN matrix (c-PANS) can effectively resolve the
problem of the dissolution of polysulfide into the electrolyte, leading to a stable
discharge capacity of 223 mAh g−1 with stable cycling over 500 cycles at 1 C.

Figure 2.17 (A) An electrospinning process for generation of PAN nanofibers.
(B) Carbonization and sulfurization processes by an annealing step at 450 瀽C.
(C) Structural changes during carbonization and sulfurization of c-PANS.13

56

2.4.2 Sulfur-carbonaceous compounds
Encapsulating a high content of sulfur into carbonaceous material, as one of the
most popular methods for sulfur cathode fabrication, has been developed to
engineer various configurations of sulfur-carbonaceous compounds for RTNa/S batteries. The flexible pore structure, highly conductive nature, and
beneficial morphological advantages of carbonaceous matrices can effectively
accommodate and immobilize sulfur species in the course of cycling. S. Xin and
Y. Guo reported a high-energy RT-Na/S battery with an optimized sulfurcarbonaceous composite consisting of sulfur-containing microporous carboncoated carbon nanotubes (S/(CNT@MPC)). As displayed in Figure 2.18, the
coaxial cable-like morphology with metastable small sulfur molecules (S2–4)
confined in microporous carbon exhibited high sodium electroactivity and
stable cycling in RT-Na/S batteries. It was found that the optimized denser and
more flattened Na2S2 and Na2S molecules could be accommodated in the carbon
micropore (0.5 nm) in the reversible redox reaction from S to Na2S. The well
confined small sulfur molecules with feasible reduction from S2–4 to Na2S in the
carbon micropores, avoiding the long-chain polysulfide shuttle effect, were
proven to be responsible for its outstanding reversible capacity (1610 mAh g−1
at 0.1 C) and cycle life (200 cycles at 2 C).36 Indeed, the carbon micropores free
of the long-chain polysulfide shuttle effect, led to high performance for RTNa/S batteries, although the redox reaction based on carbon micropores with
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limited pore volume could also limit the sulfur accommodation. Therefore,
more carbon matrices with hollow structures were introduced into RT-Na/S
batteries.

Figure 2.18 (a) Cycling performances of the S/(CNT@MPC) cathode at 0.1 C,
1 C and 2 C. (b) GDC voltage profiles of the S/(CNT@MPC) cathode in the 4th
cycle at these rates. (c) Electrochemical reactions between S and Na+ during the
discharge process.36
D. Lee and J. Hassoun reported nanostructured hollow carbon spheres–
sulphur composite electrodes for application in RT-Na/S batteries.72 Their
report indicated that there were multiple advantages of hollow carbon matrix,
including high sulfur loading, effective confinement of polysulfides by the
carbon shells, and enhanced sodium ion and electron transport. In half-cell
performance, the hollow carbon spheres–sulphur composite electrodes delivered
a reversible capacity of 550 mAh g−1 at 0.1 C for 20 cycles. In order to improve
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the cycle life of this system, Y. Wang and S. Chou introduced interconnected
mesoporous carbon hollow nanospheres (iMCHS) as a highly effective host for
RT-Na/S batteries.73 By virtue of physical confinement, the interconnected
hollow mesoporous carbon could effectively encapsulate all sulfur species
inside of carbon shells during charge/discharge process. In comparison to D.
Lee and J. Hassoun’s work, Y. Wang and S. Chou reduced the size of the
hollow carbon spheres from 1000 nm to 100 nm, which is likely to limit the
agglomeration of nonconductive sulfur during the loading process, achieving
sufficient accessible capacity and sustainable cycle life (Figure 2.19). The
obtained cathode delivered outstanding reversible capacity (400 mAh g−1 at 0.1
A g−1) and cycle life (200 cycles at 0.1 A g−1) with a reversible conversion
between S8 and Na2S4.
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Figure 2.19 (a) Schematic of the confinement in the S@iMCHS nanocomposite.
TEM images at (b) low and (c) high resolution of S@iMCHS nanocomposite. (d)
In situ synchrotron XRD patterns of the RT-Na/S@iMCHS cells.73
2.4.3 Sulfur-polarized compounds
The nonpolar nature of the carbon hosts means that they can only partially
retain polysulfides by weak physical van der Waals interaction. Recently, it was
found that polarized carbon hosts, produced via incorporating sulfiphilic sites,
are much better than plain carbon matrices for enhancing S cathodes, owing to
their strong chemical bonding to polysulfides. Zhang et al. showed that the S
morphology and the utilization of Cu foam greatly affect the electrochemical
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performance of S cathodes in RT-Na/S batteries.74 As suggested by the
researchers, all the contact interfaces with polarized Cu (Cux+) were expected to
immobilize the produced polysulfides (Sn2−) and reduce their dissolution in
electrolyte during charge/discharge processes, which led to an ultrahigh
discharge capacity of 3189 mAh g−1 at 0.05 A g−1. In their following work,
atomic cobalt was introduced as an efficient electrocatalyst for superior RTNa/S batteries which could deliver a high initial reversible capacity of 1081
mAh g−1; even after 600 cycles, it achieved a superior reversible capacity of 508
mA h g−1 at 100 mA g−1 without any degeneration of the elaborate
nanostructure.75 A new strategy for polysulfide protection based on atomic layer
deposition of TiO2 onto a ferroelectric-encapsulated cathode was illustrated by
Sun et al..76 As displayed in Figure 2.20, both the TiO2 layer and BaTiO3
additive can effectively adsorb polysulfides by strong chemical bonding.
Remarkably, the novel composite as cathode material for RT-Na/S battery
delivered a discharge capacity of 524.8 mAh g−1 after 1400 cycles, with
retention of 105.4% based on the 2th cycle.
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Figure 2.20 (a) Photograph of the carbonate-based electrolyte with the a) C/S
and (b) CSB@TiO2 electrodes. (c) FESEM images of the 400th cycled
CSB@TiO2 electrode at full discharge state and the corresponding elemental
mapping images of C, Na, Ti, and O. Scale bar: 500 nm. (d and e) The proposed
synergistic effect of BaTiO3 additive and TiO2 layer deposition for ultrastable
CSB@TiO2 electrode.76
Most recently, Xu et al. designed a sodium polysulfide defence system for
the RT-Na/S battery.77 Its cathode-separator double-barrier system, benefitting
from polar MoS2 decorated hollow carbon spheres, can adsorb soluble
polysulfides intermediate and improve the conductivity of S as well as acting as
a reservoir for electrolyte and polysulfide intermediates. RT-Na/S battery based
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on the cathode-separator group delivered a capacity of 1309 mAh g−1 at 0.1 C
and long cycle life up to 1000 cycles at 1 C. In their following work, they
presented a railway-like network electrode for the RT-Na/S battery.78 As
illustrated in Figure 2.21, the 3D cross-linked conductive network not only
facilitated the rapid transfer of electrons for high capacity but also connected the
separated hosts during the cycling, thus maintaining the integrity of the
electrode. Based on their design, the cathode-separator group delivered a
capacity of 601 mAh g−1 at 0.5 C, and a high capacity of 410 mAh g−1 could be
achieved for 500 cycles.

Figure 2.21 CV curves (a), discharge–charge curves (b, d) at 0.05C, rate
capability (c) of S@CNT/NPC. Nyquist plots (e) of the battery with the fresh
S@NPC and S@CNT/NPC composite cathode. Corresponding plots (f) of Z` vs.
ω1/2 in low frequency of the S@NPC and S@CNT/NPC electrodes. Schematic
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(a) of the railway-like S@CNT/NPC electrode design and the advantages of
S@CNT/NPC composite over S@NPC composite during cycling.78
Apparently, hosts with different morphology can result in different
adsorption effects on polysulfides. Based on the success of 1D and 3D hosts
applied in RT-Na/S batteries, Wang et al boosted the performance of their RTNa/S battery with sulfur-doped 2D MXene nanosheets.79 According to their
explanation, the 2D nanosheets assembled from a 3D wrinkled MXene
nanoarchitecture with high specific surface area revealed high polarity towards
sodium polysulfides, restricting their diffusion. As illustrated in Figure 2.22, the
3D wrinkled electrode achieved a high reversible capacity of 577 mAh g−1 at 2
C over 500 cycles with high areal sulfur loading up to 4.5 mg cm−2. Such a high
sulfur loading and high rate performance have boosted the development of RTNa/S batteries in both scientific research and real application.
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Figure 2.22 (a) Cycling performances of S−Ti3C2Tx/S electrode and bare
Ti3C2Tx/S electrode at 0.5 C for 200 cycles. (b) Cycling performances of
S−Ti3C2Tx/S cathode and bare Ti3C2Tx/S cathode at 2 C for 500 cycles. (c)
Cycling performances of S−Ti3C2Tx/S and bare Ti3C2Tx cells with a high sulfur
loading of 4.5 mg/cm2 at 1 C for 600 cycles. (d) Raman spectra of S− Ti3C2Tx/S
cathode and bare Ti3C2Tx/S cathode with a high sulfur loading after 600 cycles
and discharged to 1.2 V. (e) Schematic of the 3D sulfur-doped Ti3C2Tx MXene
design and the advantages to sodium polysulfides.79
In order to overcome the insulating and soluble nature of sulfur and its
reaction intermediates in rechargeable room temperature sodium-sulfur (Na-S)
batteries. Yu et al. rationally designed a flexible electrode by impregnation of
S1-xSex (x≤0.1) into porous carbon nanofibers (denoted as S1-xSex@PCNFs) for
flexible RT Na-S batteries, which presented great improvements in reversible
capacity and Columbic efficiency during cycling. As illustrated in Figure 2.23,
the freestanding porous carbon nanofibers (PCNFs) film works as a conductive
nest for electrons transfer with facile access of ion. The author mentioned that
the high loading mass of S1-xSex and high utilization of the active material in
this free-standing host could be attributed to the micropores in PCNFs and the
S–Se bonding which inhibits the shuttle phenomenon of polysulfides.80 The
flexible S1-xSex @PCNFs (x = 0.04) electrode with high loading mass and
utilization of the active material exhibits excellent electrochemical performance
65

for Na-S batteries (762 mAh g-1 after 100 cycles at 0.1 A g-1), demonstrating
that the diffusion of the polysulfides into the electrolyte can be greatly
alleviated.

Figure 2.23 (A) Schematic illustration of the synthesis process for S1-xSex
@PCNFs electrode. (B)–(C) Photograph of free-standing and flexible S1-xSex
@PCNFs electrode. (D) Cyclic voltammograms of S0.94Se0.06@PCNFs electrode
between 0.8 and 3 V in RT Na-S batteries at a potential sweep rate of 0.2 mV s-1.
(E) Voltage profiles of S0.94Se0.06@PCNFs electrode in Na-ion batteries at a
current density of 0.1 A g-1. (F) Cycle performances of S0.94Se0.06@PCNFs
electrode in RT Na-S batteries at a current density of 0.1 A g-1. (G) Rate
capability of S0.94Se0.06@PCNFs in RT Na-S batteries.80
Very recently, Wang et al. carried on the above-mentioned work and
discovered the effect of a eutectic accelerator in selenium-doped sulfurized
polyacrylonitrile towards achieving high performance room temperature
sodium–sulfur batteries.81 To solve the problem of low utilization of active
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materials and poor electrochemical activity in room temperature sodium–sulfur
batteries, the authors found that selenium doping can act as a eutectic accelerator
in sulfurized polyacrylonitrile, in which a small amount of selenium is easily
distributed at the molecular level and leads to significant improvement of the
reaction kinetics, thus diminishing the content of soluble sodium polysulfides. Their
designed Se0.08S0.92@pPAN cathode exhibited superior rate and cycling
performance as well as compatibility with both ether and carbonate electrolytes,
delivering capacities of 1214 and 767 mA h g−1 at 0.1 and 3 A g−1 respectively, and
maintaining a good specific capacity of 770 mA h g−1 at 0.4 A g−1 over 500 cycles
(0.045% decay per cycle) in carbonate electrolyte with nearly 100% Coulombic
efficiency (Figure 2.24). Such a functional sulfur host, offering fast reaction
kinetics with high rate performance in both ether and carbonate electrolytes, has
boosted the development of high-performance metal sulfur batteries.

67

Figure 2.24 Comparison of rate performance from 0.1 A g−1 to 3 A g−1 in
carbonate electrolyte (a) and in ether electrolyte (d); cycling results of
Se0.08S0.92@pPAN and S@pPAN in carbonate electrolyte (b) and in ether electrolyte
(e); voltage profiles of Se0.08S0.92@pPAN in carbonate electrolyte (c) and in ether
electrolyte (f) during cycling; (g) prolonged cycling of Se0.08S0.92@pPAN at 0.4 A
g−1 in carbonate electrolyte; (h) voltage profiles of Se0.08S0.92@pPAN in carbonate
electrolyte during cycling.81
Similar to the function of the eutectic accelerator in selenium-doped
sulfurized polyacrylonitrile, Chen et al. presented a steady sulfur cathode that was
obtained by incorporating sulfur atoms into carbon to form thioether bond
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functionalized carbon (SC) for room temperature sodium–sulfur batteries.82 The
thioether bond structure (C–S–C) illustrated in this sulfur-doped carbon can be
disassembled in the low voltage range of 0.01–0.50 V vs. Na/Na+, in which the
scissored small sulfur species of the thioether bond react with the sodium anode to
form insoluble sulfides. The formation of insoluble sulfides without soluble
polysulfide intermediates could restrain the dissolution of long-chain polysulfides,
leading to excellent cycling and rate performance in room temperature sodium–
sulfur batteries. As illustrated in Figure 2.25, the thioether bond-functionalized
carbon delivered capacities of 889 and 310 mA h g−1 at 0.1 and 3.2 A g−1
respectively, and maintained a good specific capacity of 380 mA h g−1 at 1 A g−1
over 800 cycles in an operating voltage window from 0.01-3 V. The functional
mechanism of this structure is shown in Figure 2.25e, where the insoluble
sulphides directly formed from the small sulfur species can be well confined by the
carbon defects, thus restricting the growth of short polysulfides, which makes this
type of cathode materials a good candidate for room temperature sodium–sulfur
batteries.

69

Figure 2.25 Electrochemical performance of SC for sodium storage in the voltage
range of 0.01–3.00 V: (a) discharge and charge profiles and (b) cyclability and
coulombic efficiency at a current density of 100 mA g−1, (c) rate performance, (d)
long term cycling performance at 1 A g−1 after the activation process. (e) schematic
diagram of carbon defects induced by the sulfur dopant, which confine the insoluble
sulfides.82
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To further develop the performance and applicability of room temperature
sodium–sulfur batteries, Ghosh et al. used a three-dimensionally reinforced
freestanding cathode that offered the combination of the excellent electronic
conductivity of reduced graphene oxide, the polysulfide adsorption ability of the
ultrafine manganese oxide nanocrystals, the rapid ion/electron dissemination
eﬃciency of nanosized sulfur, and the outstanding mechanical stiﬀness and
good electrical conductivity of Na alginate/polyaniline hybrid binder in a single
electrode heterostructure.83 As illustrated in Figure 2.26, the sulfur element is
well confined in reduced graphene oxide and metal oxide, which can effectively
prevent the soluble polysulfides from dissolving in the electrolyte.
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Figure 2.26 Schematic illustration of freestanding cathode synthesis and the role of
the binder. (a) Schematic illustration of the freestanding cathode preparation. (b)
Schematic of the proposed role of the polysaccharide binder to counteract volume
expansion of sulfur during sodium-ion insertion.83
Based on the high conductivity of the three-dimensionally reinforced
freestanding structure, the electrode delivered a high initial capacity of 1013
mAh g-1 and maintained a stable capacity of 893 mAh g-1 at a current density of
0.2 A g-1 (Figure 2.27). Remarkably, the 3D composite delivered a high specific
energy of 737 Wh kg-1 at the 2nd cycle and 660 Wh kg-1 was retained after 50
cycles. The electrode also presented excellent rate performance, delivering
reversible capacity of 899, 789, 667, and 423 mAh g-1 at current densities of
0.05, 0.1, 0.2, and 0.5 A g-1, respectively. Upon reverting back to 0.05 A g-1, the
electrode exhibited a restored capacity of 801 mAh g-1. Obviously, the threedimensionally reinforced freestanding cathode presented much better high-rate
capability.

72

Figure 2.27 Cell performance of RT Na−S batteries. (a) Cyclic voltammetry
curves of the rGO/S/MnxOy@SA−PANI cathode at a scan rate of 20 μVs−1. (b)
Charge−discharge profiles of the rGO/S/MnxOy@SA−PANI cathode at 0.2 A g−1.
(c) Comparison between cycling performances of the rGO/S/MnxOy@PVdF and
rGO/S/MnxOy@ SA−PANI cathodes at 0.2 A g−1 in an electrolyte comprising 1 M
NaClO4 and 0.1 M NaNO3 in TEGDME. (d) Charge−discharge profiles of the
rGO/S/MnxOy@SA−PANI cathode at diﬀerent current rates. (e) Comparison
between rate performances of the rGO/S/MnxOy@PVdF and the rGO/S/MnxOy@
SA−PANI electrodes at diﬀerent currents. (f) Cycling performance of the
rGO/S/MnxOy@SA−PANI cathode at 0.5 A g−1 using two diﬀerent electrolytes
containing diﬀerent amounts of the NaNO3 additive. SEM images of (g) fresh
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sodium metal surface before cycling, (h) after 200 cycles using an electrolyte
containing 0.1 M NaNO3 additive, and (i) after 200 cycles using an electrolyte
containing 0.2 M NaNO3 additive.83
2.4.4 Modified electrolytes and separators
Previous studies have focused on the cathode host, which undoubtedly
optimizes the electrochemical performance, but it is not the only determinant of
performance in practical applications. Modulation of the electrolytes and
separators also plays an important role in the improvement of room-temperature
sodium-sulfur batteries. Wei et al. reported a room-temperature sodium–sulfur
battery that used a microporous carbon–sulfur composite cathode, and a liquid
carbonate electrolyte containing the ionic liquid 1-methyl-3-propylimidazoliumchlorate tethered to SiO2 nanoparticles.84 According to their work, the SiO2–IL–
ClO4 particle additives in the carbonate electrolyte played the role of a
supporting electrolyte during cell recharge with effects stemming from the same
source—immobilization of a fraction of the anions near the anode, which
stabilized the ionic conductivity of the electrolyte, particularly at intermediate
temperatures (Figure 2.28).
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Figure 2.28 (a) Schematic drawing of the Na–S cell during galvanostatic cycling,
using

1-methyl-3-propylimidazolium-chlorate

ionic

liquid

tethered

silica

nanoparticle (SiO2–IL–ClO4) as additive in 1M NaClO4 in a mixture of ethylene
carbonate and propylene carbonate (EC/PC). On the anode side, sodium atom loses
electron to form sodium ion during discharge. Sodium ion diffuses inside the
microporous carbon–sulfur composite and reacts with sulfur to form sodium sulfide
(Na2S) on the cathode side, and the reverse reaction takes place during charging,
where SiO2–IL–ClO4 helps stabilize sodium anode. The SEM image of the sodium
metal surface cycled in a cell with 10 vol% of SiO2–IL–ClO4 in the electrolyte
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show for the first time that the particles form a conformal layer on the anode surface.
Scale bar, 30nm. (b) Constant voltage–charge profile of the Na–S cells with
different volume fraction of SiO2–IL–ClO4 in the electrolyte mentioned in a
maintained at 3.0-5.0V for 1 h at room temperature. (c) Ionic conductivity of the
Na–S cells with different volume fraction of SiO2–IL–ClO4 in the electrolyte as a
function of temperature. EC/DEC represents a mixture of ethylene carbonate and
diethyl carbonate. The solid lines are linear Vogel–Fulcher–Tammann (VFT) fits of
the temperature dependent ionic conductivity.84
This work shows outstanding results in terms of both rate capability and
capacity retention relative to the 2nd cycle after the first 100 cycles with 5 vol%
SiO2–IL–ClO4 additive in the electrolyte. It delivers a high initial capacity of 1493
mAh g-1 at 0.1 C, indicating a high utilization of sulfur for the first cycle, and
retains a stable capacity of more than 600 mAh g-1 for 100 cycles. The
successful polysulfide immobilization of the host and stable ionic conductivity
of the electrolytes with stable electrochemical performance may open up a new
avenue for superior room-temperature sodium-sulfur batteries in terms of mass
production and practical application.
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Figure 2.29 Galvanostatic cycling performance of the Na–S cell in a carbonate
electrolyte with different amounts of SiO2–IL–ClO4. (a) Electrochemical discharge
and charge curves of the cell at various cycles with 5 vol% of SiO2–IL–ClO4 in the
electrolyte. The tests were performed at 0.1C for the first discharge and 0.5C for the
following cycles in the potential range of 0.6–2.6V versus Na/Naþ.(b) Capacity and
Coulombic efficiencies versus cycle number for the cell with 5 vol%of SiO2–IL–
ClO4 in the electrolyte. (c) Coulombic efficiency and (d) capacity versus cycle
number for the cell with different amounts of SiO2–IL–ClO4 in the electrolytes,
respectively, at a current density of 0.5 C.84
To explore the working mechanism of room-temperature sodium–sulfur
battery with tetra ethylene glycol dimethyl ether liquid electrolyte, Ryu et al.
investigated the electrochemical properties of a Na–S battery with TEGDME
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electrolyte by means of X-ray diffraction (XRD) analysis, differential scanning
calorimetry, and charge–discharge curves.85 As illustrated in Figure 2.30, the
author divided the initial discharge curve into two regions. The corresponding
XRD patterns for various cut-off voltage conditions showed that the peak
intensity of elemental sulfur decreased as the discharge process proceeded, with
various new peaks appearing that could be indexed as Na2S2, Na2S3, Na2S4 and
Na2S5, indicating that the redox reactions of the room-temperature sodium–
sulfur battery with TEGDME liquid electrolyte followed the reactions as
suggested: 2Na + nS → Na2Sn (4 > n ≥ 2).

Figure 2.30 (A) First discharge–charge curves of Na–S battery with liquid
electrolyte at room temperature and analysis points of sulfur electrode such as (a)
original sulfur electrode, (b) discharged to 50 mAh g−1 sulfur in sloping region,
(c) discharged to 200 mAh g−1 sulfur in plateau region, (d) fully discharged to
1.2 V, and (e) fully charged to 2.3 V. (B) XRD patterns of sulfur electrode with
various cut-off voltage conditions such as (a) original sulfur electrode, (b)
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discharged to 50 mAh g−1 sulfur in sloping region, (c) discharged to
200 mAh g−1 sulfur in plateau region, (d) fully discharged to 1.2 V, and (e) fully
charged to 2.3 V.85
The safety concerns relating to all rechargeable batteries with organic
electrolyte have drawn much attention all over the world. Zhao et al. improved
the safety of the room-temperature sodium–sulfur battery by introducing
trimethyl phosphate (TMP) as an additive for nonflammable carbonate‐based
electrolytes.86 Their work illustrated that 15 wt.% addition of trimethyl
phosphate in the electrolyte not only led to excellent fire-proofing and selfextinguishing properties but also restrained the reduction of EC/PC solvent
(Figure 2.31). The electrochemical performances of pristine and trimethyl
phosphate added EC/PC electrolytes are illustrated in Figure 2.32. The
electrolyte with 15 wt.% trimethyl phosphate additive exhibited a reversible
capacity of 788 mAh g−1 for 80 cycles at 0.1 C and excellent rate performance
of 177 mAh g−1 for 200 cycles at 5 C. When the TMP content was further
increased to 25 wt.%, the formation of unstable SEI greatly affected the specific
capacity of the tested batteries.
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Figure 2.31 The combustion behaviours of (a) 1.0 M NaClO4-EC/PC and (b) 1.0
M NaClO4-EC/PC+15 wt.% TMP. (c) SET, ionic conductivity and (d) DSC curves
for the different electrolytes.86
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Figure 2.32 The (a) CV curves (0.1 mV s-1) and (b) discharge-charge curves (0.1 C)
of YP50F/S cathode in 15 wt.% TMP-contained electrolyte. (c) The 0.1 C cycling
performance of the YP50F/S cathode in different electrolyte. (d) C-rate
performance of the YP50F/S cathode in TMP-free and TMP-contained electrolyte.
(e) 1 C and 5 C cycling performance of the YP50F/S cathode in 15 wt.% TMPcontained electrolyte (The first four cycles are at 0.1 C).86
Yang et al. constructed a cathode-separator as an efficient way to adsorb
and encapsulate all sulfur species during the charge/discharge process.77 The
two-in-one system can not only adsorb soluble polysulfide intermediates, but
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also improves the conductivity of S as well as acting as the reservoir for
electrolyte and polysulfides. The optimized half-cell exhibited a reversible
capacity of 1309 mAh g−1 at 0.1 C and excellent cycling performance, with
capacity of 187 mAh g−1 after 1000 cycles at 1 C, indicating that the two-in-one
system greatly improves the electronic conductivity and blocks the polysulfides
shuttle of room-temperature sodium–sulfur batteries.

Figure 2.33 (a) Rate capacities, (b) voltage profiles, (c) cycling performance, and
(d) the schematic diagram of the S@HCS/MoS2 composite.77
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Chapter 3 Experimental Methods

3.1 Experimental procedures
The doctoral work reported in this thesis followed the experimental procedures
illustrated in Figure 3.1. Firstly, various cathode materials for SIBs and RTNa/S batteries were synthesized via various facile methods that are suitable for
both large-scale production and scientific research, such as the sol-gel method,
the spray-drying method, and the freeze-drying method with pyrolysis. In the
following procedure, the synthesized cathode materials were characterized via
different types of physical characterization techniques to identify their physical
properties,

including

X-ray

diffraction

(XRD)

for

phase

analysis,

scanning/transmission electron microscopy (SEM/TEM) for morphology and
structure analyses, energy dispersive X-ray/electron energy loss/X-ray
photoelectron spectroscopy (EDS/EELS/XPS) for element and valence analyses,
etc. After that, the as-synthesized samples were mixed with carbon black and
binder in a proper ratio to form the electrodes for electrochemical tests,
including galvanostatic charge/discharge for cycling and rate analysis and cyclic
voltammetry (CV) for electrochemical behaviour analysis, electrochemical
impedance spectroscopy (EIS) for resistance analysis, etc. The as-synthesized
samples with ideal physical and electrochemical profiles were further
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characterized by in-situ synchrotron XRD and density functional theory (DFT)
studies for mechanism analysis.

Figure 3.1 Outline of the main experimental procedures involved in my
doctoral research.
3.2 Chemicals involved in this work
Chemicals

Formula

Carboxymethyl cellulose C8H16NaO8
(CMC)
84

Purity

Supplier

N/A

Sigma Aldrich

Aluminium foil

Al

N/A

Vanlead Tech

Copper foil

Cu

N/A

Vanlead Tech

1-methyl-2 pyrrolidinone

C5H9NO

99.5

Sigma Aldrich

C

99

Timcal Belgium

N/A

N/A

China

(CH2CF2)n

N/A

Sigma Aldrich

Ethylene carbonate

C3H4O3

99

Sigma Aldrich

Propylene carbonate

C4H6O3

99

Sigma Aldrich

Fluoroethylene carbonate

C3H3FO3

99

Sigma Aldrich

Sodium perchlorate

NaClO4

98

Sigma Aldrich

Ethanol

C2H5OH

Reagent Q-store, Australia

Sodium metal

Na

99.9

Sigma Aldrich

Pyrrole

C4H5N

98

Sigma Aldrich

(NMP)
Carbon black
CR2032

type

coin

cells/spring/spacer
Polyvinylidene difluoride
(PVDF)

Methyl orange

C₁₄H₁₄N₃SO₃Na

Reagent Sigma Aldrich

Ferric trichloride

FeCl3

99

Sigma Aldrich

Nickel nitrate hexahydrate

Ni(NO3)2·6H2O

99

Sigma Aldrich

Thioacetamide

CH3CSNH2

99

Sigma Aldrich

Sulfur

S

99

Sigma Aldrich
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Iron nitrate nonahydrate

Fe(NO3)3·9H2O

98

Sigma Aldrich

照-cyclodextrin

C42H70O35

97

Sigma Aldrich

Polyvinylpyrrolidone

(C6H9NO)n

N/A

Sigma Aldrich

Melamine

C3N3(NH2)3

99

Sigma Aldrich

Sodium acetate

CH3COONa

99

Sigma Aldrich

Copper acetate

Cu(CO2CH3)2

98

Sigma Aldrich

Zinc acetate

Zn(CO2CH3)2

98

Sigma Aldrich

Manganese acetate

Mn(CO2CH3)2

98

Sigma Aldrich

Citric acid

C6H8O7

98

Sigma Aldrich

Diethyl carbonate

C5H10O3

99

Sigma Aldrich

3.3 Methodology of materials preparation in this work
3.3.1 Sol-gel method
The sol-gel method is a process for mixing multiple solutions on the atomic
level to form a gel-like network with a quasi-solid phase in a proper reaction
environment. The sol-gel method is well-known as a wet-chemical technique
for scalable production of materials for LIBs. In this doctoral work, we applied
this facile, scalable and low energy consumption method to prepare sodium
transition metal oxides for SIBs.
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3.3.2 Freeze-drying method
The freeze-drying method is a low temperature dehydration process. Compared
to the traditional drying method, which needs a high temperature to remove
water, the ice of the frozen material under reduced pressure can be sublimated
during the freeze-drying process. This method is generally conducted to prevent
agglomeration of perishable materials or decomposition of heat sensitive
materials. In this doctoral work, we applied the freeze-drying method to
fabricate highly dispersed precursors for RT-Na/S batteries.
3.3.3 Spray-drying method
The spray-drying method is a method that involves rapid drying of highpressure sprayed liquids or slurry droplets with hot gas. The nebulized liquid or
slurry with volatile fraction of organic solvent or water can be dehydrated in a
hot-air chamber, where a highly dispersed precursor with spherical morphology
is obtained. This spray-drying method is widely applied in the manufacturing of
LIBs, since it is a commercialized procedure that is capable of large-scale
production. In this doctoral work, we applied the spray-drying method to realize
a highly efficient S cathode for RT-Na/S batteries that was suitable for facile
and large-scale production.
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3.4 Characterization techniques
3.4.1 X-ray diffraction
X-ray diffraction (XRD) is one of the basic physical characterization methods
that is used to identify the phase structure of materials. The patterns of the
scattering X-ray waves follow Bragg’s law:
2dsinθ = nλ

(3.1)

Where d represents the spacing between adjacent lattice planes, θ represents the
angle of incidence, λ represents the wavelength of the incident beam, and n is
any integer. XRD is a very efficient way to macroscopically confirm phase
constitutions, in which the generated X-rays go through a specimen and will be
coherently scattered by each set of lattice planes with ordered features.
3.4.2 Synchrotron X-ray diffraction
Compared to laboratory XRD, the X-rays of synchrotron X-ray diffraction
(SXRD) are generated by different light source, which is at least 5 orders of
magnitude more intense than the X-ray light source of any laboratory XRD. The
X-rays that are emitted from an accelerated electron beam in the storage ring of
a synchrotron facility have high photon wavelength resolution and tunable
photon energy. In this doctoral work, the SXRD data were collected from the
Australian Synchrotron Powder Diffraction Beamline.
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3.4.3 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is an advanced technique for
understanding the local geometric and/or electronic structure of specimens. The
intense and tunable X-ray beams generated by synchrotron radiation facilities
can detect K-, L-, and M-edges, in which core electrons are excited. In this
doctoral work, the data were collected from the XAS beamline of a synchrotron
radiation source at the Karlsruhe Institute of Technology (KIT), Germany.
3.4.4 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a widely used technique for
measuring the elemental composition and valence states on the surface of a
specimen. The XPS data are collected under ultra-high vacuum conditions by
measuring and capturing the kinetic energy and number of electrons that escape
from the surface irradiated material (0-10 nm). In this doctoral work, the XPS
spectroscopy was conducted on a VG Scientific ESCALAB 2201XL instrument
in UOW.
3.4.5 Scanning electron microscopy
A scanning electron microscope (SEM) is one kind of electron microscope that
can be used to understand the morphology of a specimen. The accelerated highenergy beam of electrons generated by the electron gun will interact with the
surface of a specimen and produce various signals that contain information on
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both the surface topography and the composition of the specimen. In this
doctoral work, SEM images were collected using a field-emission scanning
electron microscope (FESEM, JEOL JSM-7500FA).
3.4.6 Transmission electron microscopy
Compared to SEM, the transmission electron microscope (TEM) is a widely
applied type of electron microscope in which the accelerated high-energy beam
of electrons is transmitted through a specimen (less than 100 nm thick) to obtain
specific information about the crystal orientation, lattice spacing, and
morphology. The TEM is capable of electronic imaging at a significantly higher
resolution. The selected area electron diffraction (SAED) facility inside a TEM
is based on a crystallographic experimental technique, which can be very useful
in determining the crystal structure of the specimen. In this doctoral work, TEM
images of the morphologies and crystal structures were carried out on a JEOL
2011 TEM, operating at 200 keV.
3.4.7 Scanning transmission electron microscopy equipped with energy
dispersive X-ray spectroscopy
Scanning transmission electron microscopy (STEM) is one particular type of
TEM, in which the images are generated by using fine-spot electron beam
(0.05-0.2 nm) passing through a thin specimen. The aberration-corrected STEM
can be precisely adjusted to give added resolution, and the beam current is
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scanned in a raster illumination system, which makes it possible to observe
individual atomic columns in ultra-high resolution. Energy dispersive X-ray
spectroscopy (EDS) is typically incorporated in SEM, TEM, or STEM systems
for compositional analysis and elemental mapping of specimens. Its principle
relies on detecting and analysing the emitted X-rays of specimens scanned with
a high-energy beam, since each element with its unique atomic structure has
unique response signals. In this doctoral work, STEM and EDS mapping images
of the morphologies and crystal structures were collected with a STEM, a JEMARM 200F.
3.4.8 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a common method to measure the
chemical reactions or weight loss of specimens with sequential temperature
changes. In this doctoral work, TGA was used to determine the sulfur contents
in the cathodes for RT-Na/S batteries, which was carried out with a SETARAM
Thermogravimetric Analyzer in UOW.
3.4.9 Brunauer-Emmett-Teller
Brunauer-Emmett-Teller (BET) theory is an efficient way to measure the
specific surface area of specimens by analysing the physical adsorption of gas
molecules on a solid surface. Standard BET analysis is conducted on a deaerated material under liquid nitrogen conditions. Thus, the specific surface area
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can be identified by the changes in the relative pressure. In this doctoral work,
BET analysis was carried out with a Quanata Chrome Nova 1000 in UOW.
3.4.10 Raman spectroscopy
Raman spectroscopy is a typical technique to obtain the vibrational modes of
molecules, providing a structural fingerprint of identifiable specimens. The
inelastic scattering of photons generated from laser light on a specimen, results
in an energy shift of the laser photons, which provides structural information
about the specimen. In this doctoral work, Raman spectroscopy was used to
determine the degree of graphitization of the carbon host for RT-Na/S batteries,
which was carried out with a JOBIN Yvon Horiba Raman Spectrometer model
HR800 in UOW.
3.5 Electrochemical measurements
3.5.1 Electrode preparation and battery assembly
The working electrodes were fabricated by mixing the as-synthesized samples,
carbon black, and a binder (carboxymethyl cellulose (CMC) or polyvinylidene
difluoride (PVDF)) with a specific weight ratio in a solvent (water or NMP).
The electrode slurry was then pasted on aluminium foil, followed by drying
under vacuum at 55 °C for CMC binder and 120 °C for PVDF binder. A
schematic illustration of the coin cell assembly is presented in Figure 3.2. The
test cells were assembled with metallic sodium as the negative electrode, glass
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fibre separator (Whatman GF/F), and 1 M NaClO4 in 1:1 v/v ethylene
carbonate/propylene carbonate with 3 wt. % fluoroethylene carbonate additives
(PC/EC + 3 wt. % FEC) as electrolyte in the 2032-type coin cells. The assembly
of the test cells was carried out in an argon-filled glove box, where water and
oxygen concentrations were kept at less than 0.1 ppm.

Figure 3.2 The schematic illustration of the coin cell assembly.87
3.5.2 Galvanostatic charge-discharge
The electrochemical properties were examined by galvanostatic chargedischarge testing in a NEWARE test system with a certain cut-off voltage. The
galvanostatic charge-discharge tester was operated in constant current mode.
The discharge capacity based on the electron charge in the discharging process,
can be calculated from the applied current and total accumulated time. In this
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doctoral work, galvanostatic charge-discharge testing was conducted with a
NEWARE battery system (Neware® Battery Testing Instruments) in UOW.
3.5.3 Cyclic voltammetry
Cyclic voltammetry (CV) is a widely applied electrochemical technique for
all kinds of batteries that is used to identify the voltage window of redox
reactions of particular electrode materials. CV curves contain information on
the diffusion coefficient of certain element ions, the electrochemical activity
of particular electrode materials, and the capacity contribution of different
redox reactions. In this doctoral work, CV data were collected on a Biologic
VPM3 electrochemical workstation in UOW.
3.5.4 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was conducted on a Biologic
VPM3 electrochemical workstation to measure the resistance of batteries. The
EIS in conjunction with an equivalent circuit model provides the information on
the intrinsic resistance of the active material, the ionic resistance of the
electrolyte, and the contact resistance at the active material/current collector
interface.
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Chapter 4 A Hydrostable Cathode Material Based on the Layered P2@P3
Composite that Shows Redox Behavior for Copper in High-Rate and LongCycling Sodium-Ion Batteries

Low-cost layered oxides free of Ni and Co are considered to be the most
promising cathode materials for future sodium-ion batteries. Biphasic
Na0.78Cu0.27Zn0.06Mn0.67O2 obtained via superficial atomic-scale P3 intergrowth
with P2 phase induced by Zn doping, consisting of inexpensive transition metals,
represents a promising cathode for sodium-ion batteries. The P3 phase as a
covering layer in this composite is well revealed not only in excellent
electrochemical performance but also its tolerance to moisture. The results
indicate that partial Zn substitutes can effectively control biphase formation for
improving the structural/electrochemical stability as well as the ionic diffusion
coefficient. Based on in-situ synchrotron X-ray diffraction coupled with
Electron-Energy-Loss

spectroscopy,

a possible

Cu2+/3+ redox reaction

mechanism has been revealed in this work.
4.1 Introduction
Recently, sodium-ion batteries (SIBs) have been considered a promising
replacement for LIB counterparts due to the abundant and cost-effective nature
of sodium resources.8, 38, 88-92 In particular, the NaxTMO2 cathode has drawn
scientists’ attention over the past decades.40-42,
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45, 93-97

P2-type NaxTMO2

(0.46≤x≤0.83) with a wide range of sodium content seems especially attractive
as a candidate for high-rate and long-life electrodes.46-48, 98-103 Moreover, firstprinciple calculations have demonstrated that sodium ions in the P2 structure
can diffuse directly between two face-sharing trigonal prismatic sites with a rare
phase transition.42,

104-106

Fe- and Mn- containing P2 phase layered oxides have

been of particular interest since these elements are abundant and nontoxic. 107-110
However, as demonstrated by Victor and co-workers, the Jahn-Teller effect
exhibited by Fe (IV) can potentially induce structural strain and the insertion of
water and carbonate ions.
Recently, the biphase synergy in SIBs has been well-illustrated by Guo et
al. (layered P2/O3 composite) and Hou et al. (layered P3/P2 composite).9,
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However, Li, Ni, and Co are unfavorable for SIBs in the long run cost-wise, and
biphase synergy has so far not been demonstrated with cheap elements. Hu and
co-workers111 reported the reversible Cu3+/Cu2+ redox couple (67 mAh/g at 0.1C)
with only half the price of nickel and one-tenth that of cobalt, which greatly
demonstrated the importance of copper in SIBs. 34,

35, 55, 112-116

But the redox

behavior of Cu2+/3+ in previous reports is inconsistent even for the same material,
little research has been conducted on it.
It would therefore be interesting if we can correlate the biphase synergy
with cost-effective transition metals. Herein, we designed a novel hydrostable
P2@P3 Na0.78Cu0.27Zn0.06Mn0.67O2 (NCZM) composite. Zn doping induced the
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formation of P2@P3 intergrowth, leading to improvement not only in
structural/electrochemical stability but also in humidity resistance. We found
that the main electrochemical reaction of Cu2+/3+ occurrs below 3.8 V, and
delivers a discharge capacity of 84 mAh g-1 (1 C), a rate capability of 73 mAh g1

(5 C) and a capacity retention of 85 % (72 mAh g-1) at 1 C after 200 cycles.

4.2 Experimental section
Material preparation: The NCM (Na0.78Cu0.33Mn0.67O2) and NCZM, and NZM
(Na0.78Zn0.33Mn0.67O2) samples were synthesized by a facile sol-gel method. All
chemical raw materials (Sigma-Aldrich) were used without any pretreatment.
For NCZM, a mixed aqueous solution of sodium, copper, zinc, and manganese
acetates in a stoichiometric ratio (with a 3 % excess of sodium and zinc) was
added to aqueous citric acid and then stirred for 4 h at 80 oC in an oil bath to
form a gel. The resultant gel was dried at 120 oC overnight and ground in an
agate mortar. The powder was pressed into pellets and precalcined at 500 oC in
a tube furnace without any gas flow. The popcorn-like precursor with a brown
surface and dark core could be observed, and it is interesting to note that carbon
was detected by SEM-EDS of precalcined precursor, which could be attributed
to the reduction of citric acid. The precalcined precursor was ground in an agate
mortar and pressed into pellets again, then calcined at 900 oC for 12 h in air
atmosphere to obtain the desired materials. The actual ratio of Na:Cu:Zn:Mn
was verified by inductively coupled plasma-atomic emission spectroscopy (ICP97

AES). For comparison, NCM and NZM samples were synthesized in the same
way.
Physical Characterization: XRD patterns were employed with Cu Kα
radiation in the 2θ range of 10°-80° (GBC MMA diffractometer, λ = 1.5406 Å,
step size of 0.02° s-1). The morphology was detected via a field emission
scanning electron microscope (FESEM, JEOL JSM-7500FA) equipped with
energy-dispersive X-ray spectroscopy (EDS). A 200 kV scanning transmission
electron microscope (STEM, JEM-ARM 200F) was equipped with a double
aberration-corrector to achieve selected area electron diffraction (SAED) with a
probe-forming, image-forming lens systems. The angular range of collected
electrons for the high-angle annular dark-field (HAADF) images was around
70-250 mrad, while ABF-STEM images were recorded using a STEM-ABF
detector simultaneously. The EDS mapping results were obtained via STEM
using NSS software. Synchrotron powder diffraction data were collected at the
Australian Synchrotron beamline with a wavelength (λ) of 0.7748 Å, calibrated
with the standard reference material (National Institute of Standards and
Technology (NIST) LaB6 660b), and analysed via GSAS-II software.
Schematic representations of the synchrotron XRD data were obtained by
VESTA software. X-ray photoelectron spectroscopy (XPS) with Al Kα
radiation (hν = 1486.6 eV) was employed to detect the binding energies using a
SPECSPHOIBOS 100 Analyser installed in a chamber in high-vacuum.
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Dynamic secondary ion mass spectroscopy (SIMS) was conducted on a Cameca
IMS-5FE7 system using Cs+ primary ions with a beam current of 3 nA. Positive
secondary ions were detected. Elemental depth profiles were obtained with an
analysis area 33 μm in diameter. X-ray absorption spectroscopy (XAS)
measurements were performed at XAS beamline of synchrotron radiation
source at Karlsruhe Institute of Technology (KIT). The XAS data were recorded
at the Cu K-edge (8980 eV) in transmission mode.
Electrochemical measurements: The working electrodes for sodium cells
were fabricated by mixing the as-synthesized samples, carbon black, and
polyvinylidene fluoride (PVDF) binder in a weight ratio of 80:10:10 in Nmethyl pyrrolidinone, which were then pasted on aluminum foil followed by
drying under vacuum at 120 °C for 10 h. The average mass loading of the active
material in the electrode was about 1.5 mg cm−2. The test cells were assembled
with metallic sodium as the negative electrode, glass fiber separator (Whatman
GF/F), and 1 M NaClO4 in 1:1 ethylene carbonate (EC)/propylene carbonate
(PC) electrolyte. The assembly of the test cells was carried out in an argon-filled
glove box, where water and oxygen concentrations were kept at less than 0.1
ppm. The electrochemical properties were examined by a NEWARE test system.
The SIBs (with 100 mA g−1 assumed to be the 1 C rate) were run at different
current densities between 2.5 and 4.1 V. Before collecting the cycling data, we
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optimized the cell by running it at a lower current (0.05 C) for one cycle to
activate the cell. All the cells were allowed to age overnight before testing.
4.3 Results and discussion
The pure P2 compound Na0.78Cu0.33Mn0.67O2 (NCM) shows agglomerated
secondary particles with homogeneously-distributed elements (Figure 4.1a and
b). As characterized by X-ray diffraction (XRD) in Figure 4.1c, it consists of a
pure P2 phase with refined lattice parameters: α=b=2.9100(7) Å, c=11.0674(4)
Å and V=81.90(2) Å3 for the space group P63/mmc.
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Figure 4.1 Bulk structure of the NCM sample: (a) SEM-EDS mapping images;
(b) SEM images; (c) XRD plot and Rietveld refinement.
The scanning electron microscopy energy-dispersive spectroscopy (SEMEDS) and scanning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS) of the NCZM composite illustrated in Figure 4.2
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show the micron-sized secondary particles with well-distributed elements of Na,
Cu, Zn, and Mn.

Figure 4.2 Morphology of the NCZM sample: (a) SEM-EDS mapping images;
(b) STEM-EDS mapping images
In order to obtain more detailed information on the crystal structure,
synchrotron X-ray powder diffraction was employed. The major diffraction
peaks can be well indexed to P2-type phase corresponding to PDF: 00-054-0894.
There are several other weak peaks that can be identified as P3-type structure
(PDF: 00-054-0839) with space group R m. In addition, the (00l) reflections of
P2 and P3 layered compounds are superimposed, which finally leads to one set
of (00l) reflections.117 The peaks between 12.5° and 15° are related to the
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superstructures affected by Na+/vacancy and structural disordering.118 Such
vacancies can lower the energy barrier of the Na-ion migration, as was proved
in the previous report.119 Both space groups were used for the Rietveld
refinement, as displayed in Figure 4.3a. The calculated results successfully gave
reliability-factors (weighted profile factors) of Rwp=5.3%. The calculated lattice
parameters were α=b=2.9092(8) Å, c=11.1564(2) Å and V=81.77(6) Å3 for the
P2-component and α=b=2.8568(5) Å, c=16.7722(3) Å and V=118.99(5) Å3 for
the P3-component. Compared with the calculated results, the lattice parameter
c=11.0674(4) Å in NCM is less than the parameter c=11.1564(2) Å of P2 phase
in NCZM. This major difference indicates enlarged interlayer spacing of P2
phase in NCZM, which can not only provide more open space for Na+ migration
but also activate more sodium ions for sodium-ion diffusion. A schematic
illustration of the layered P2 (left) and P3 (right) structures can be found in
Figure 4.3b. The crystal structure of P2 with ABBA stacking of oxygen layers is
characterized by MO6 edge-sharing octahedral units forming two MO2 sheets
per unit cell, which occupy trigonal prismatic sites of the P2 structure, can
easily host sodium atoms. For the ABBCCA oxygen stacking of the P3 phase,
there are three MO2 sheets per unit cell, sharing one face and three edges with
MO6 octahedra between two layers, resulting in only one sodium site. The
morphology of P2@P3 NCZM is displayed by scanning electron microscope
(SEM) images (Inset of Figure 4.3a). This unique layer morphology of the
NCZM composite coexist with numerous primary nanocrystals, which can
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efficiently facilitate sodium ion transport due to the short diffusion distance. All
Rietveld refined results are provided in Table 4.1 and Table 4.2.

Figure 4.3 (a) Rietveld refinement of synchrotron XRD pattern of NCZM. The
inset shows the SEM images in different magnification. (b) Schematic
illustrations for the corresponding crystalline structure of P2 (left) and P3 (right).
Table 4.1 Lattice parameters of the P2 NCM sample after Rietveld refinement.
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Phase

P2

Space Group

P63/mmc

Cell parameters

Agreement factors

a (Å)

2.9100(7)

b (Å)

2.9100(7)

c (Å)

11.0674(4)

α (o)

90.000

β (o)

90.000

γ (o)

120.000

Volume (Å3)

81.90(2)

Rwp (%) 5.80
GoF 2.73 l

Table 4.2 Lattice parameters of the P2+P3 NCZM sample after Rietveld
refinement.
Phase

P2

Phase ratio

95.5%

4.5%

P63/mmc

തm
R͵

a (Å)

2.9092(8)

2.8568(5)

b (Å)

2.9092(8)

2.8568(5)

c (Å)

11.1564(2)

16.7722(3)

α (o)

90.000

90.000

β (o)

90.000

90.000

γ (o)

120.000

120.000

81.77(6)

118.99(5)

Rwp (%)

5.38

5.38

GoF

2.41

2.41

Space Group

Cell parameters

Volume (Å3)
Agreement factors

P3
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In order to investigate the phase distribution of the NCZM sample, a
dynamic secondary ion mass spectroscopy (SIMS) experiment was conducted
(Figure 4.4a,b). The concentration of sodium is increased in the initial 400s,
whereas Cu and Zn remain stable and Mn decreases slightly. Notably, higher
sodium signal inside and lower signal on the outer layer can be seen clearly.
About ~300s sputtering is needed for the Na-signal to become stable, indicating
the sodium concentration on the surface is lower than within. Such distribution
may play a role in tuning the unique surface chemistry when compared with
NCM composite (Figure 4.4c,d).

Figure 4.4 Elemental SIMS mapping and sputter depth profiles of (a,b) NCZM
and (c,d) NCM.
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The STEM-electron energy loss spectroscopy (EELS) technique was
employed (Figure 4.5a-d) to investigate the valence states of Mn, Cu, and Zn.
The peak of Mn-L3 increased slightly from 643.5 eV (inner side) to 644.0 eV
(surface), indicating that the valence of Mn on the surface is higher than on the
inside. The Cu and Zn L3-edges located at 937.9 and 1036.5 eV, respectively,
both correspond to the valence state of 2+. XAS was further conducted to
confirm the valence states from the macro-perspective (see Figure 4.5e, f). The
adsorption edge position of NCZM and NCM are similar to the copper (II)
based reference sample. Mn K-edge spectra shows that both NCZM and NCM
reflect the similar feature as tetravalent Mn-ion (MnO2). Comparing the preedge features of NCM visible in the higher energy region to those of NCZM
indicates the average oxidation state of Mn is higher in NCM than in NCZM.
Closer examination of the pre-edge feature revealed that Mn(III) and Mn(IV)
are coexist in NCZM, while the valence of Mn in NCM is closer to Mn(IV).
This is in good agreement with the electrochemical data. Based on the above
results, a three-dimensional (3D) structural model with corresponding Na-ion
migration paths of the NCZM composite is shown in Figure 4.5g.
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Figure 4.5 (a-d) Specific location for EELS signals (a), energy loss spectra of
NCZM for Cu

L2,3

(b), Mn

L2,3

(c) and Zn

L2,3

(d), respectively. Blue/red/black

curves correspond to the selecting blue/red/black areas. XANES spectra of (e)
Cu K edge of the copper standards: copper (II) oxide (red), and two samples
(NCZM, blue; NCM, pink), (f) Mn K-edge for the NCZM (green), NCM (pink)
and manganese standards: MnO (black), Mn2O3 (red), and MnO2 (blue). The
inset shows features in the pre-edge region. (g) 3D structural model of the
NCZM samples composed of P3 and P2 with corresponding Na-ion migration
paths in different layered structures.
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Na0.78Cu0.33-xZnxMn0.67O2 (x=0.03, 0.06, 0.11, and 0.33) composites with
different Zn contents were studied (Figure 4.6). The lab XRD result in Figure
4.6a show that the features of P3 phase become obvious with the increasing of
Zn content, and impurity ZnO peaks can be detected when doping content
increased to 0.11. It is worth to note that pure P2 phase can be detected again
when Zn fully substituted Cu, and the Na+/vacancy and disordering structure are
no longer exist in this material. It showed that the P3 phase is highly related
with partial Zn doping. Thus, we speculate that Zn doping in the transition
metal layers creates different Na+ environments and structural disordering,
leading to a reorganization of the ions in the unit cell.103, 120, 121, 118 As we can see,
the Na0.78Cu0.33-xZnxMn0.67O2 composite shows the highest working voltage as
the doping content up to 0.06 (Figure 4.6b). However, when it increased to 0.11
and 0.33, the redox feature of copper became board and disappeared eventually,
and the redox peaks of Mn3+/4+ around 2.5 V is become obvious. Although
Na0.78Cu0.33-xZnxMn0.67O2 (x=0.06) composite sacrificed a small amount of
capacity from Cu2+/3+, it shows the best capacity retention and highest working
voltage (Figure 4.6c).
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Figure 4.6 Comparison of Na0.78Cu0.33-xZnxMn0.67O2 (x=0.03, 0.06, 0.11, and
0.33): (a) XRD plot; (b) Cyclic voltammogram at 0.1 mV/s with voltage
windows of 2.0-4.1V; (c) Cycling performance at 1 C with voltage window
from 2.5-4.1 V.
The structure of NCZM is also maintained even soaked in water. The
NCZM, NCM, and NZM samples were soaked in distilled water for 6 hours and
exposed in air under room temperature for 3 days, they were dried at 120 oC
overnight and then analyzed by XRD. As shown in Figure 4.7a, b, the structure
of NCM and NZM showed significant changes after soaked in water. Newly
formed peaks at ~12o and ~37 o, which correspond to H2O-inserted layered
phase and structure change, while, NCZM shows a consistent diffraction pattern.
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Besides, the pH value of all the soaked samples is around 9~10, indicating
partial dissolution of surface Na ion. The dissimilar stacking of the two phases
is revealed by HAADF and ABF images (Figure 4.7c, d). The distinct crystal
and atomic arrangement in the interface are obvious. The typical molecular
models (inset) coupled with fast Fourier transformation (FFT) are also highly
consistent with the P3 and P2 phases (Figure 4.7e, f).
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Figure 4.7 The Hydrostable comparison of NCZM, NCM and NZM: (a) XRD
of pristine materials; (b) XRD of soaked materials with real pictures as insert
images. (c) HAADF and (d) ABF images of P2@P3 NCZM composite; the red
and orange rectangles represent P3 structure and P2 structure areas, respectively.
The enlarged images corresponding to the rectangle areas are shown in (e) and
(f) with FFT patterns and molecular model structures as inset images.
The electrochemical performances of NCZM and NCM composites are
shown in Figure 4.8. Figure 4.8a presents the CV curves of NCZM and NCM
between 2.5-4.1 V. The pair of oxidation/reduction peaks of NCZM at 3.65 and
3.53 V corresponds to the redox couple of Cu2+/Cu3+, and another smaller pair
of peaks from NCZM at 3.93 and 3.87 V can be attributed to redox of copper in
different stage.112 The new pair of peaks of NCZM as compared with NCM
sample can be clearly observed at 3.71 and 3.64 V, and might be related to the
Cu2+/Cu3+ redox couple influenced by the interaction of copper and manganese.
34, 35, 55, 56, 111, 112

In addition, the minor redox peaks below 3.2 V are attributable

to a small quantity of Mn3+/Mn4+.55 The excellent rate capability with
subsequent cycling stability of this cathode material is demonstrated in Figure
4.8b. The reversible discharge capacities of NCZM electrode are 88, 87.7, 85.5,
83.1, 80.2 and 73 mAh g-1 at current rates from 0.1 to 5 C. In contrast, only 42.1
mAh g-1 capacity remained for the NCM electrode cycled at 5 C. Upon
reverting back to a current rate of 0.1 C, the capacity of NCZM was fully
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restored (87.2 mAh g-1), which was not the case for NCM. The excellent rate
performance might be related to the direct sodium diffusion paths in NCZM.
The cycling capabilities of the NCZM and the NCM composite at 1 C are
shown in Figure 4.8c, and the corresponding charge–discharge profiles at
different cycles are displayed in Figure 4.8d and e. The NCZM composite,
which has a higher working voltage and lower polarization, initially delivers a
discharge capacity of 84 mAh g-1 and a capacity retention of 85% after 200
cycles. However, the discharge plateau of NCM around 3.9 V only last for 100
cycles, indicating a poor reversible mechanism. The cycling stability of NCZM
electrode at high temperatures is displayed in Figure 4.8f. It shows a stable
capacity of 78 mAh g-1 at 50 oC for 165 cycles, of which 52.3 mAh g -1 is
retained at 60 oC for another 165 cycles. The reduced Coulombic efficiency can
be attributed to the decomposition and side reactions of electrolytes during high
temperature.
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Figure 4.8 (a) Cyclic voltammogram (CV) of NCZM and NCM. (b) Rate
capability at different rates of 0.1C, 0.2C, 0.5C, 1C, 2C and 5C for NCZM (red)
and NCM (blue). (c) Cycling performance of NCZM (red) and NCM (blue). (d)
and (e) The corresponding charge/discharge profiles of NCZM and NCM
respectively. (f) Cycling performance of NCZM at different operating
temperatures (50 and 60 oC).
In-situ synchrotron XRD measurements were carried out to properly
understand the structural evolution of NCZM (Figure 4.9a). In the region of
0.51<x<0.78 (x representing the amount of Na in NCZM, which was calculated
according to the specific capacity), the 002 peak of the initial phase, referred to
as P2(original), subtly decreases in 2θ value and intensity indicating a solid
solution reaction with the oxidation of Mn and Cu (Figure 4.9b, c). Meanwhile,
a new phase starts to form and grow at the expense of P2(original) when charged to
3.8 V corresponding to the region of 0.42<x<0.51. Thus, the voltage slope from
3.8 to 4.1 V in this region can be attributed to the phase transition. The Cu L2,3
peak barely shifts after 3.8 V is reached, indicating a large amount of Cu 2+ has
already been oxidized below 3.8 V. Enlarged images corresponding to the
rectangle areas are provided in Figure 4.9d and e. These new peaks with high
intensity and sharp profiles are quite different from the so-called Z or OP4
phase (which is highly disordered), and can be assigned to the P2 (new) phase.
This illustrates that the NCZM inhibits the formation of the highly disordered
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phase up to 4.1 V. In addition, the clear interface between the two phases is still
obvious during both the charge and discharge state, indicating the structural
stability of the NCZM composite (Figure 4.9f, g). The sodium ion diffusion
coefficients obtained by GITT are shown in Figure 4.9h-k. The diffusion
coefficients of NCZM are in the range of 4.6×10-13-4.7×10-12 cm2 s−1 which is
twice that of NCM, indicating the Zn doping in this compound with increased
unit cell volume are related to easier sodium ion diffusion.
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Figure 4.9 (a) Selected 2-Theta regions of in-situ synchrotron XRD data,
highlighting the evolution of the 002, 004, 100, and 103 reflections and the
corresponding potential profile (right). (b, c) EELS spectra of Mn L2,3 and Cu
L2,3 edges at different charge and discharge state. (d, e) Enlarged images
corresponding to the rectangle areas of 002 and 004 reflections, respectively. (f,
g) Corresponding ABF-STEM images of the interface, as reflected by the areas
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marked by the rectangles in the potential profile. (h) GITT charge curve; (i) A
function of time in the potential range of 2.5-4.1 V; (j) Liner behavior of the
transient voltage changes (E) vs (τ1/2); (k) The calculated DNa from the GITT
data for NCZM and NCM samples as a function of potential during charge
process (inset: equation based on Fick's second law, where D Na (cm2 s−1) is the
chemical diffusion coefficient, Vm (cm3 mol−1) is the molar volume of the active
materials, F is the Faraday constant, I0 (A) is the applied current, S (cm2) is the
total contact area between the electrolyte and electrodes, Zi is the number of
charge transfer, and L (cm) is the diffusion length.
4.4 Conclusion
In summary, a novel hydrostable, Na0.78Cu0.27Zn0.06Mn0.67O2, with P2@P3
biphase structure was synthesized via a simple sol-gel method. Zn doping not
only induced the formation of P3 phase but also offered a reversible mechanism,
leading to improvements in both structural/electrochemical stability and
humidity resistance. Moreover, electrochemical reactions based on the Cu2+/3+
redox couple in the engineered material effectively decrease the fabrication cost
of providing reliable reversible capability in the meantime. In this material, we
demonstrated that most of Cu2+ have been oxidized to Cu3+ below 3.8 V during
charge process with a solid solution reaction, and small quantities of Cu 2+ that
are involved in the Na extraction upon 3.8 V with phase transitions. This
biphasic material with high structural/electrochemical stability and tolerance
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toward water and temperature should encourage the tailoring of physical and
chemical characteristics in copper-related biphasic composite.
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Chapter 5 Nickel sulfide nanocrystals on nitrogen-doped porous carbon
nanotubes with high-efficiency electrocatalysis for room-temperature
sodium-sulfur batteries

The very low utilization of sulfur cathodes due to fatal polysulfide dissolution
and slow electrochemical kinetics of conversion reactions greatly inhibits the
further development of room-temperature sodium-sulfur batteries. Here we
report the multifunctional sulfur host, NiS2 nanocrystals implanted in nitrogendoped porous carbon nanotubes, which is rationally designed to achieve high
polysulfide immobilization and conversion. Attributable to the synergetic effect
of physical confinement and chemical bonding, the high electronic conductivity
of the matrix, closed porous structure, and polarized additives of the
multifunctional sulfur host effectively immobilized polysulfides. Significantly,
the electrocatalytic behaviors of the Lewis base matrix and the NiS2 component
are clearly evidenced by operando synchrotron X-ray diffraction and density
functional theory with strong adsorption of polysulfides and high conversion of
soluble polysulfides into insoluble Na2S2/Na2S. Thus, the as-obtained S
cathodes exhibit excellent performance in room-temperature Na/S batteries.
5.1 Introduction
Low-cost sulfur-based sodium-ion storage has attracted tremendous interest for
next-generation electric energy storage systems to meet increasing demands.73, 74,
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In the 1960s, high-temperature Na–S batteries were commercialized in smart

grid stationary storage. Their operating temperature, however, around 300-350
o

C, could potentially introduce severe safety issues and lead to Na2S3 as the final

discharge product with low theoretical energy density of 760 Wh kg -1.12, 14, 123
Consequently, room-temperature sodium-sulfur (RT-Na/S) batteries are
inspiring great interest, which could well address the safety hazard. They exhibit
an increased energy density, up to 1274 Wh kg-1, with Na2S as the final
discharge product. This battery system suffers from rapid capacity fading and
low reversible capacity, however, which can be mainly attributed to the sluggish
reaction kinetics of sulfur and its Na2S product, along with serious polysulfide
migration.10, 19,

124, 125

Significantly, various S hosts have been developed for

Li/S batteries to cope with the similar challenges, including a series of carbon
matrices,126-132 and polar sulfur hosts.133-140 Nevertheless, sulfiphilic sulfur hosts
have much lower conductivity than carbon materials, which inevitably
compromise the rate capability and specific capacity of sulfur. To date, only a
few S-hosts have been explored to enable RT-Na/S batteries.10, 13, 17, 36, 72-79 By
virtue of physical confinement, interconnected hollow mesoporous carbon can
effectively encapsulate sulfur species inside of carbon shells during
charge/discharge process,73 although the low reversible capacity and insufficient
lifespan of the cathode indicate that physical confinement alone is not sufficient
to address the soluble polysulfide problem. Thus, constructing a multifunctional
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S host by coupling a polar component with a functional carbon matrix is a
promising way to achieve advancement on RT-Na/S batteries.
Herein, we present a multifunctional S host with NiS 2 nanocrystals
implanted in nitrogen-doped porous carbon nanotubes (NiS2@NPCTs). First,
the one-dimensional conductive NPCTs with a continuous carbon backbone
inside can provide short ion diffusion paths and a fast transfer rate. Second,
abundant cavities in each porous nanotube can serve as closed containers for S
species, guarantying sufficient space for sulfur volumetric expansion and
efficient polysulfide containment. Moreover, the implanted NiS2 nanocrystals
have a polar feature that can bind strongly to sulfur species and spatially
localize the deposition of the sulfide species. Significantly, N-doping sites and
the NiS2 polar surface are capable of enhancing the adsorption energy of
polysulfides, leading to strong catalytic activity towards polysulfide oxidation.
5.2 Experimental section
Synthesis of polypyrrole nanotubes: To synthesize the polypyrrole nanotubes,
Firstly, we prepared the methyl orange solution with 0.147 g methyl orange in
225 mL distilled water. After that, FeCl3 (2.95 g) was added in the solution,
stirring until fully dissolved. Then, the distilled pyrrole monomer (5 × 10 −3

M)

was slowly dropped in the solution with continuous stirring for overnight under
room temperature. Finally, the formed polypyrrole nanotubes in the above
solution were washed with distilled water and ethanol for several times.
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Synthesis of nitrogen-doped porous carbon nanotubes: The as-prepared
polypyrrole nanotubes without any pre-treatment were slightly ground in an
agate mortar, then calcined at 650 oC for 5 h in Ar atmosphere to obtain the
desired structure of NPCTs.
Synthesis of the cathode composite: The NPCTs (50 mg) were added into 50 ml
deionized water, followed by ultrasonication for 3 h to form a suspension.
Meanwhile, Ni(NO)2 * 6H2O (15 mg) were dissolved in 50 ml thioacetamide
deionized water solution. After stirring for 30 mins, the above two solutions
were mixed together, and then vigorously stirred at 50 oC. Once half deionized
water evaporated, the mixed solution was stirred under vacuum at room
temperature for 6 h. Then this solution was dropwise added into liquid nitrogen
and freeze dried until all ice was removed. Then, the precursor was transferred
to a quartz tube under Ar atmosphere and calcined at 450 oC for 5 h. The
obtained composite was mixed with sulfur at weight ratio of 40/70 in a sealed
quartz tube. The final NiS2@NPCTs/S composite was obtained by calcine the
sealed quartz tube for 155 oC for 12 h first and then 300 oC for 1 h via the facile
melt-diffusion strategy. The S incorporated NPCTs (NPCTs/S) and commercial
carbon nanotubes (CNT-S) were fabricated with the same conditions. Besides,
the NiS2@NPCTs were obtained by immersed NiS2@NPCTs/S in CS2 and
washed for several times. Then, the material was transferred to a tube furnace
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under Ar atmosphere and calcined at 300 oC for 10 mins until the S has been
evaporated.
Synthesis and preparation of Na2S6 solution: 8 mg of these samples were
separately immersed into 2.0 mL of 0.003 M Na2S6 solution in a mixed solvent
of dimethoxyethane/tetraethylene glycol (DME/TEG) for 30 mins.
Physical Characterization: XRD patterns were employed with Cu Kα radiation
in the 2θ range of 10°-70° (GBC MMA diffractometer, λ = 1.5406 Å, step size
of 0.02° s-1). The morphology was detected via a field emission scanning
electron microscope (FESEM, JEOL JSM-7500FA) equipped with energydispersive X-ray spectroscopy (EDS). A 200 kV scanning transmission electron
microscope (STEM, JEM-ARM 200F) was equipped with a double aberrationcorrector to achieve selected area electron diffraction (SAED) with a probeforming, image-forming lens systems. The angular range of collected electrons
for the high-angle annular dark-field (HAADF) images was around 70-250
mrad, while ABF-STEM images were recorded using a STEM-ABF detector
simultaneously. The EDS mapping results were obtained via STEM using NSS
software. Synchrotron powder diffraction data were collected at the Australian
Synchrotron beamline with a wavelength (λ) of 0.6687 Å, calibrated with the
standard reference material (National Institute of Standards and Technology
(NIST) LaB6 660b). Schematic representations of the synchrotron XRD data
were obtained by VESTA software. X-ray photoelectron spectroscopy (XPS)
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with Al Kα radiation (hν = 1486.6 eV) was employed to detect the binding
energies using a SPECSPHOIBOS 100 Analyser installed in a chamber in highvacuum. The N2 absorption/desorption isotherms and pore size distribution were
conducted by Micromeritics Tristar 3020 analyzer (USA). Raman spectra were
collected using a 10 mW helium/neon laser at 632.8 nm excitation, which was
filtered by a neutral density filter to reduce the laser intensity, and a chargecoupled detector (CCD). The thermal decomposition behavior of the products
was monitored by using a Mettler Toledo TGA/SDTA851 analyzer from 50 to
900 °C in Ar with a heating rate of 5 °C/min.
Electrochemical measurements: The cathode electrodes for Na-S cells which
were assembled in an argon-filled glove box, were conducted by mixing 70
wt% active materials (NiS2@NPCTs/S, NPCTs/S, and CNTs-S), 20 wt% carbon
black, and 10 wt% carboxymethyl cellulose (CMC) binder in distilled water.
The formed slurry was then pasted on Al foil via a coater (Hohsen-MC20),
which was followed by drying under vacuum at 60 °C overnight. The assembled
Na-S coin cells were included the punched circular working electrodes with the
average mass loading of 2.5 mg cm−2 for the active material and metallic
sodium (reference and counter electrode) which were separated by glass fiber
separator (Whatman GF/F). The 1 M NaClO4 electrolyte used in Na-S cells
were prepared by ethylene carbonate (EC)/propylene carbonate (PC) in 1:1
volume ratio, with 3 wt% fluoroethylene carbonate as additives (EC/PC + 3
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wt% FEC). The electrochemical data were collected by NEWARE coin cell
tester and Biologic VMP-3 electrochemical workstation with a voltage window
from 0.8 to 2.8 V (vs. Na/Na+).
Computational methods: Theoretical calculations were carried out based on the
density functional theory and the plane-wave pseudopotential method. The
generalized gradient approximation (GGA) of the Perdew–Burke–Ernzerhof
(PBE) exchange correlation function was adopted with the plane-wave cut-off
energy set at 500 eV. All geometry optimizations and energy calculations were
performed using the periodic boundary conditions. The distance between
adjacent molecules and slabs was at least 15 Å. And only Γ point was used for
the reciprocal space. The criterion of convergence was set that the residual
forces are less than 0.01 eV/Å and the change of the total energy was less than
10-6 eV. The binding energy can be expressed as E(b) = E(Na2Sx) + E(slab) −
E(Na2Sx@slab), where E(Na2Sx@slab), E(Na2Sx), and E(slab) are the total
energies of the adsorbed system, the Na2Sx species, and the surface slab,
respectively.
5.3 Results and discussion
The NiS2@NPCTs/S nanocomposite with uniform one-dimensional (1D)
morphology and nanocrystals encapsulated in a unique structure is prepared by
a simplified synthesis strategy. The NiS2@NPCTs/S is prepared by a feasible
strategy, which involves freeze-drying method followed by heating treatment of
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the mixture of NPCTs, nickle salt and thioacetamide (TAA) solution and stirred
under vacuum (Figure 5.1a). The as-prepared NiS2@NPCTs/S product well
maintains the one-dimensional (1D) morphology with an average diameter of
~250 nm (Figure 5.1b-d). HAADF-STEM image reveals NiS2 nanocrystals are
encapsulated in the NPCTs (Figure 5.1e). To realize the mechanism of NiS2
grown within the carbon tubes, a capillary effect via vacuum treatment is
introduced to drive the raw materials (nickle salt and thioacetamide) into the
interior pores. For comparison, a control sample was prepared by conducting
the same experiment but without vacuum treatment. As shown in Figure 5.1f,g,
without vacuum treatment, most of the NiS2 compounds can be visually
observed by SEM, indicating the NiS2 compounds were adsorbed on the
exterior of NPCTs. In addition, the following step of liquid nitrogen coupled
with freeze-drying can further lock NiS2 within the carbon tubes, and the
particle size can be effectively controlled by those pores and cavities at the
same time. Thus, key point in this synthesis is stirring treatment of the mixture
of NPCTs, nickle salt and thioacetamide (TAA) solution under vacuum.
Uniform polypyrrole (PPy) nanotubes precursor was prepared by a
polymerization method.[141] When carbonized at different temperature, N-doped
carbon matrixes with distinguishing fine structures can be formed, respectively.
The PPy precursor shrunken and broken at 850

o

C and the nanotube

morphology of PPy is well kept at 650 oC. The results indicate that NPCTs
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under 650 oC shows favourable nano-lacunose structure as a sulfur host (Figure
5.1h).
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Figure 5.1 Fabricating procedure, SEM, and HAADF-STEM images of
NiS2@NPCTs/S. (a) Schematic of the procedure for fabricating NiS2@NPCTs/S
composite. (b,c) SEM images, (d,e) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images. Inset of (b) the
EDX spectrum of the area. SEM and TEM images of NiS2@NPCTs/S under
different synthesis conditions. (f) Stirring without vacuum, (g) stirring with
vacuum. (h) Schematic of the structure of N-doped carbon matrixes under
different temperature.
As shown in Figure 5.2a, the porous structures are well identified by scanning
transmission electron microscopy (STEM); the corresponding energy dispersive
spectroscopy

(STEM-EDS)

mapping

images

show

the

homogeneous

distribution of N and S elements along C backbones. The EDS line scanning
(Figure 5.2b) of individual cavities clearly demonstrates that S is favourably
dispersed on the surface of the NiS2 nanocrystals, indicating their sulfiphilic
property. Figure 5.2c contains a high-resolution transmission electron
microscopy (HRTEM) image taken on NiS2@NPCTs/S composite shows that
the interplanar distance between adjacent lattice planes is 0.279 nm,
corresponding to (200) plane of NiS2. The inset 16 formula unit crystal structure
model of pyrite NiS2 along [001] projected direction, which is highly consistent
with the matched Inverse Fast Fourier Transform (IFFT) pattern, indicating a
high degree of crystallinity of the NiS2. In agreement with the X-ray diffraction
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(XRD) pattern (Figure 5.2d), several intensive peaks are well indexed to pyrite
NiS2 (JCPDS No. 89-1495). The low-intensity S peaks of well encapsulated
sulfur can be attributed to the reduced size of the sulfur after sulfur loading
process, indicate the successful encapsulation of sulfur. The loading mass of S
in the NiS2@NPCTs/S composite was determined to be 56% (Figure 5.2e),
which is 47% in NPCTs/S, further implying the high adsorption energy of S on
NiS2. The X-ray photoelectron spectroscopy (XPS) survey spectrum of the
NiS2@NPCTs/S (Figure 5.3a) shows five characteristic peaks corresponding to
S 2p, C 1s, N 1s, O 1s, and Ni 2p, respectively. The binding energy peaks
observed in the Ni 2p spectrum (Figure 5.2f) at 859 and 874 eV can be ascribed
to the 2p3/2 and 2p1/2 of pyrite NiS2.142, 143 Two peaks in the S 2p spectrum
(Figure 5.2g) at 162.9 and 164.0 eV are assigned to the 2p3/2 and 2p1/2 orbitals of
S in NiS2, while the peaks at 163.4 and 164.7 eV are ascribed to the spin-orbit
coupling of S 2p3/2 and S 2p1/2 in elemental S. The minor peak at 168.7 eV
corresponds to C-SOx groups.144 This result suggests the successful
encapsulation of active S into the NiS2@NPCTs host. The N 1s spectrum
(Figure 5.2h) shows the domination of pyridinic and pyrrolic nitrogen at 397.6399.8 eV.145 The N-doped carbon could serve as a conductive Lewis base matrix,
which is expected to increase the adsorption energy of the polysulfides and
promote the conversion kinetics. In the C 1s spectra in Figure 5.2i, the three
peaks at 288.5, 286.4, and 284.4 eV can be attributed to O-C=O, C-O, and C-C
bonds, respectively, for both the NiS2@NPCTs/S and the NPCTs. The C-N
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bond energy in the NiS2@NPCTs/S (285.2 eV) is slightly lower than that in the
NPCTs (285.7 eV), which is likely due to the interaction between C and the
loaded S.146,

147

This observation is consistent with the Fourier transform

infrared (FTIR) analysis (Figure 5.3b,c). Peaks at 1557 and 1470 cm−1 are
attributed to the fundamental vibrations of polypyrrole ring, those at 1306 and
1042 cm−1 are due to the =C–H in-plane vibrations, the band corresponding to
the C–C out of the plane ring deformation vibration is situated at 919 cm−1, and
that at 1201 cm−1 is due to the C–N stretching vibrations.148, 149 For NPCTs,
however, no obvious characteristic peaks could be assigned to PPy, indicating
that PPy has been carbonized to another carbon-based form. Two new peaks
located at 458 cm−1 and 638 cm−1 for both the NPCTs/S and NiS2@NPCTs/S
composites after S impregnation can be attributed to the S-S stretch. Besides,
the S-S stretch can still be detected in the CS2 washed NiS2@NPCTs/S and
NPCTs/S composites, indicating partial S is tightly immobilized in the carbon
structure. Surprisingly, the sulfur-impregnated materials exhibit a higher D band
to G band intensity ratio (ID/IG) than the NPCTs (Figure 5.3d), indicating high
inclusion of defect sites on the surface.148 These may provide more active sites
for trapping polysulfides.
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Figure 5.2 Characterizations of as-prepared sample (a) STEM-EDS mapping
images, (b) Colored STEM image coupled with EDS line scanning (inset) of a
single cavity, and (c) HRTEM image with corresponding Fast Fourier
Transform (FFT) pattern and molecular model matched IFFT image of the
NiS2@NPCTs/S composite (insets). (d) XRD patterns of the NPCTs,
NiS2@NPCTs/S, and sulfur. (e) Thermogravimetry (TG) and derivative
thermogravimetry (DTG) curves of the NPCTs/S and NiS2@NPCTs/S. Highresolution XPS spectra of (f) Ni 2p, (g) S 2p, and (h) N 1s for NiS 2@NPCTs/S
composite. (i) Comparison of C 1s spectrum between NPCTs and
NiS2@NPCTs/S composite.
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Figure 5.3 XPS, FT-IR spectra, and Raman spectra analysis. (a) Full XPS
spectrum of NiS2@NPCTs/S composite. (b) FT-IR spectra of the PPy, NPCTs,
NPCTs/S, and NiS2@NPCTs/S. (c) FT-IR spectra of pure sulfur and carbon
disulfide washed NiS2@NPCTs/S and NPCTs/S composites. (d) Raman spectra
of the NiS2@NPCTs/S, NPCTs/S, NPCTs and pure sulfur.
It is expected that the well-designed nanostructures and critical functional
components make NiS2@NPCTs/S a superior cathode for RT-Na/S batteries. It
is impressive that NiS2@NPCTs/S delivers the high initial capacity of 960 mAh
g−1 at 1 A g−1, and it maintains a stable capacity of 401 mAh g -1 for 750 cycles
with distinct sodiation/desodiation plateaus (Figure 5.4a,b), while NPCTs/S
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shows a large capacity loss of 55% within 100 cycles, highlighting the key role
of the NiS2 component. The NiS2@NPCTs/S electrode also exhibits
unprecedented rate performance, delivering capacity of 760, 691, 557, 457, 346,
and 203 mAh g-1 at current density of 0.1, 0.2, 0.5, 1, 2, and 5 A g-1,
respectively (Figure 5.4c). Upon reverting back to 0.1 A g-1, the
NiS2@NPCTs/S shows a fully restored capacity of 674 mAh g -1, which is in
good agreement with the reversible capacity of 650 mAh g-1 over 200 cycles at
0.1 A g-1. The discharge plateau shown in Figure 5.4d can be clearly
distinguished even at high rate, indicating the good confinement of sodium
polysulfides and the fast reaction kinetics of the NiS2@NPCTs/S electrode. It is
notable that a large irreversible capacity loss is observed in the initial
charge/discharge process for both samples, which can be attributed to the
surface polysulfide dissolution and irreversible oxidization from polysulfide to
sulfur.27,
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In order to exclude the capacity contribution and highlight the

advantages of the S host, the electrochemical performances of the
NiS2@NPCTs and a commercial carbon nanotube/S mixture (CNTs-S) was
compared. The discharge curve of NiS2@NPCTs shows one plateau (1.1 V) and
a long tail around 0.8 V in discharge, which is well accordant with its Cyclic
voltammogram. The cathodic peak at 1.1 V can be attributed to the reaction of
NiS2 + xNa+ + xe− → NaxNiS2. The long tail around 0.8 V can be attributed to
further Na+ intercalation and formation of solid electrolyte interphase (SEI)
film. (Figure 5.5) The CNTs-S mixture with high crystalline of S was found to
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be inactive (Figure 5.6a,b). The XRD pattern in Supplementary Figure 9c
reveals a much stronger crystalline state of sulfur in CNTs-S, indicating the
poor encapsulation in CNTs (Figure 5.6c). The Nyquist spectrum of CNTs-S
after 10 cycles shows much higher charge transfer resistance (Rct) than that of
NiS2@NPCTs/S electrode (Figure 5.6d), which is fitted to be 1628 and 207 Ω,
respectively. When the cells are disassembled, the separator of CNTs-S is
brown, which can be ascribed to the side product of dissolved polysulfide out of

Figure 5.4 Room-temperature sodium-sulfur battery test (a) Cycling
performance of NiS2@NPCTs/S (red) and NPCTs/S (black) at a current density
of 1 A g-1. (b) The corresponding charge/discharge profiles of NiS2@NPCTs/S
at different cycles. (c) Rate capability at 0.1, 0.2, 0.5, 1, 2, and 5 A g-1 for
NiS2@NPCTs/S

(red)

and

NPCTs/S

(blue).

(d)

The

corresponding

charge/discharge profiles of NiS2@NPCTs/S at different current densities.
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Figure 5.5 (a) Cycling performance of NiS2@NPCTs electrode at a current
density of 0.5 A g-1. (b) The corresponding charge/discharge profiles. (c) Cyclic
voltammogram of NiS2@NPCTs with the scan rate of 0.1 mV/s.

Figure 5.6 (a) Cycling performance of commercial carbon nanotubes (CNTs-S)
at a current density of 0.5 A g-1. (b) The corresponding charge/discharge
profiles. (c) XRD pattern. (d) Nyquist plots for CNTs-S and NiS2@NPCTs/S
composite after 10 cycles.
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CNTs framework. In contrast, no obvious change in the electrode and separator
was observed in NiS2@NPCTs/S electrodes (Figure 5.7). Moreover, the SEM
and cross-profile EDS mapping images of cycled CNTs-S electrodes show that
thick film is formed on the electrode surface with dramatically reduced signal of
sulfur. By contrast, uniform dispersion of S and Na is observed in
NiS2@NPCTs/S. Therefore, the severe polysulfides dissolution and formation
of thick passivation film for CNTs-S lead to its failure in Na-S system. As
shown in Figure 5.7c, the cell was discharged to 1.6 V to test its self-discharge
behavior. The voltage rises back to 1.85 V in the beginning due to the
polarization, and retained stable for 4 days, indicating no obvious crossover of
polysulfides in the Na-S cell with NiS2@NPCTs/S electrode.
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Figure 5.7 SEM, cross-profile EDS mapping images. (a) CNTs-S and (b)
NiS2@NPCTs/S electrodes with digital photographs of the corresponding
separator. (c) Voltage vs time graph of the Na-S cell discharged to 1.6 V.
The strong polysulfide adsorption of the NiS2@NPCTs is evidenced by the UVvis spectra (Figure 5.8a). The Na2S6 solutions exposed to NiS2@NPCTs powder
exhibit much weaker absorbance compared to the NPCTs, suggesting the
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effective adsorption capability of NiS2 nanocrystals towards polysulfides. It is
evident that the yellow Na2S6 solution turns almost transparent when exposed to
NiS2@NPCTs after 30 min (inset of Figure 5.8a), although the color of the
solution remains faint yellow for pristine NPCTs. Furthermore, optically
transparent Na–S cells are shown in operation in Figure 5.8b, c. After 4 h of
discharging, a faint yellow color is observed in the transparent electrolyte for
the NPCTs/S cell, which is due to the resultant polysulfide migration. In
contrast, no obvious color change is observed for the NiS2@NPCTs/S electrode.
After 100 cycles in a desodiated state (open-circuit voltage around 2.8 V), the
mapping images (Figure 5.8d) show that the sulfur species have been well
immobilized in the cavities and homogeneously dispersed along the carbon
walls. It indicates that this hollow framework is capable of sulfur
immobilization. The nitrogen doped carbon shell with the fast electron diffusion
ability and the electrocatalytic behaviors of the Lewis base matrix can provide
more active sites for trapping polysulfides, which make the S species more
favorable

to

reside

in

the

shell

of

each

pores

during

repeated

charging/discharging processes. All of these observations indicate the efficient
polysulfide trapping of the multifunctional NiS2@NPCTs host.
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Figure 5.8 Visible adsorbability to polysulfides (a) Ultraviolet/visible (UV-vis)
spectra and corresponding photographs (inset) of pure Na 2S6 solution and the
solution after exposure to NiS2@NPCTs and NPCTs. Visual confirmation of
polysulfide entrapment of (b) NPCTs/S and (c) NiS2@NPCTs/S at specific
discharge depths. (d) STEM-EDS mapping images of NiS2@NPCTs/S
composite after 100 cycles.
High resolution in-situ synchrotron XRD (λ = 0.6687 Å) was carried out in RTNa/S batteries (Figure 5.9a). A peak at 10.24° for the fresh cell can be indexed
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to the (222) planes of S8 (JCPDS No. 77-0145). Another two peaks located at
11.55° and 13.95° are attributed to the (111) and (200) planes of NiS 2. During
the initial discharge process, long-chain polysulfides (Na2Sx) appear with three
new peaks at 10.47°, 11.87°, and 12.68° when discharged to 2.0 V, indicating
the solid-liquid transition from S8 to long-chain polysulfides. Once the voltage
reached 1.5 V, the Na2Sx signals faded, and a new peak at 12.82° appeared,
which can be indexed to the (213) planes of Na2S4 (JCPDS No. 71-0516). A
further new peak at 17.1° that emerged when the cell reached 1.25 V
corresponds to the (300) planes of Na2S2 (JCPDS No. 81-1771). The
intermediate Na2S2 can be further reduced to Na2S from 1.1 to 0.8 V. Two new
peaks at 10.3° and 16.3° can be attributed to the (111) and (220) planes of Na2S
(JCPDS No. 77-2149). More intuitive information can be observed in the
contour plot of XRD patterns. The signal of S8 disappeared during the charge
process, indicating the irreversibility of S reduction. The signal of Na 2S2 is also
missing in the charge process, which might be attributed the kinetically fast
reaction. In general, the reversible capacity of the RT-Na/S batteries based on
the NiS2@NPCTs/S cathode comes from the reversibility of polysulfide
conversion. The characteristic peak intensity of NiS2 decreases in the region
between 1.1 and 0.8 V, and recovers in the charge process. This can be related
to the accumulation of Na2S and partial Na+ intercalation into NiS2 based on the
mechanism: NiS2 + xNa+ + xe− → NaxNiS2. The electrocatalytic behaviors of
the N-doped sites and the NiS2 component were further verified and highlighted
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via density functional theory (DFT) calculations. Figure 5.9b shows the
adsorption conformations of Na2Sx on NiS2 nanocrystal. The chemical
interactions are dominated by the bonds between the Na2Sx and the metal sulfide
(Table 5.1), although there is only physical adsorption dominated by van der
Waals interactions for pure carbon, which are much weaker than chemical
bonds. Thus, both N-doped carbon nanotube and NiS2 in our study can induce
greater binding strength than pure carbon. As shown in Figure 5.9c, the binding
energies of Na2S6 on NiS2 and N-doped carbon nanotube are 0.79 and 0.57 eV,
respectively, which are much higher than on the non-doped carbon nanotube
(0.09 eV), indicating their high adsorption of soluble polysulfides. More
importantly, the binding energy of Na2S on NiS2 is as high as 2.4 eV, which is
more than triple that on N-doped carbon. This strong binding energy of Na2S
illustrates the fast reaction mechanism transforming Na4S2 into Na2S. This
electrocatalytic behavior can be explained by the rapid increase in binding
energy via nitrogen dopant and NiS2 nanocrystal. It also suggests that the dual
effect of chemical binding by the nitrogen dopant and NiS2 nanocrystal enables
both strong entrapment of soluble polysulfides and preferential deposition of
insoluble Na2S2/Na2S within the cathode during cycling.
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Figure 5.9 Characterization of mechanism (a) In situ synchrotron XRD patterns
of the RT-Na/S battery containing a NiS2@NPCTs/S electrode with the
corresponding galvanostatic charge/discharge curves at the current density of
200 mA g-1, and contour plot of XRD patterns in selected ranges of degrees. (b)
Atomic conformations and binding energies for Na2Sx species adsorption on
NiS2 (100) surface. (c) Comparison of the binding energies of various Na2Sx
molecules bound to NiS2, N-doped carbon nanotube, and carbon nanotube,
respectively, with atomic conformations of Na2S4 adsorption on N-doped
carbon nanotube and carbon as insets.
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Table 5.1 Calculated binding energies (unit in eV) for sodium polysulfide on
NiS2 nanocrystal (100), N-doped carbon, and carbon, respectively.
sodium polysulfide

N-doped carbon

carbon

Na2S6

NiS2 nanocrystal
(100)
0.79

0.57

0.09

Na2S4

0.7

0.50

0.16

Na2S2

1.6

0.71

0.57

Na2S

2.4

0.65

0.41

5.4 Conclusion
Overall, we have developed an integrated structure to address the poor reaction
kinetics of sulfur species and severe polysulfide migration. The physical
confinement by the carbon shells and chemical bonding by doped nitrogen and
NiS2 nanocrystals are of great benefit for polysulfide immobilization. Besides,
both in situ synchrotron XRD and DFT results confirm that the doped nitrogen
atoms coupled with the NiS2 nanocrystals serve as effective electrocatalytic
sites, which significantly promote fast conversion from polysulfide to Na2S.
Moreover, the possible side-reaction between the dissolved polysulfide and
electrolyte can be prevented by the strong polysulfide immobilization of the
multifunctional sulfur host as evidenced by EDS mapping. Consequently, the
novel designed cathode can deliver a high reversible capacity of 650 mAh g -1
over 200 cycles at 0.1 A g-1 and excellent cycling stability for 3500 cycles. Our
finding on electrocatalytic polysulfide immobilization and conversion may open
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up a new avenue for designing diverse S-based cathodes for superior RT-Na/S
batteries.
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Chapter 6 High-kinetics sulfur cathode with highly efficient mechanism for
superior room-temperature Na-S batteries

Applications of room-temperature sodium sulfur (RT-Na/S) batteries are
currently impeded by the insulating nature of sulfur, the slow redox kinetics of
sulfur with sodium, and the dissolution and migration of the sodium
polysulfides. Herein, the authors present a novel micron-sized hierarchical S
cathode supported by FeS2 electrocatalyst that is grown in situ in well-confined
carbon nanocage assemblies. The hierarchical carbon matrix can provide
multiple physical entrapment to polysulfides, and the FeS2 nanograins exhibit a
low Na-ion diffusion barrier, strong binding energy, and high affinity for sodium
polysulfides. Their combination makes it an ideal sulfur host to immobilize the
polysulfides and achieve reversible conversion of polysulfides towards Na 2S.
Importantly, the hierarchical S cathode is suitable for large-scale production via
the inexpensive and green spray-drying method. The porous hierarchical S
cathode offers a high sulfur content of 65.5 wt%, which can deliver high
reversible capacity (524 mAh g-1 over 300 cycles at 0.1 A g-1) and outstanding
rate capability (395 mAh g-1 at 1 A g-1 for 850 cycles), holding great promise for
both scientific research and real application.
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6.1 Introduction
Room-temperature sodium-sulfur (RT-Na/S) batteries are considered one of the
most promising next-generation batteries and have aroused great research
interest due to the low cost, abundance, nontoxicity, and high theoretical energy
density (1274 Wh kg-1) of sulfur.10, 36, 122 Their actual energy densities are a far
cry from the theoretical values, however. Their practical applications are mainly
impeded by the problematic S cathode due to its insulating nature and the slow
redox kinetics of sulfur, as well as the dissolution and migration of the reaction
intermediates (sodium polysulfide, Na2Sx, 4 ≤ x ≤ 8).10 These drawbacks not
only cause serious loss of active materials but also incomplete conversion
reactions during charge/discharge processes, resulting in rapid capacity decay
and poor reversible capacity.84 Many approaches have been introduced from
their lithium-sulfur (Li/S) counterparts. The most popular stratege is to
encapsulate sulfur in nanostructured carbon matrices, including carbon
nanotubes,150 hollow

carbon

nanospheres,73

carbon

nanofibers,151

and

nanoporous carbon.139 Nevertheless, due to the nonpolar nature of the carbon
hosts, they can only partially retain polysulfides by weak physical Van der
Waals interaction. Very recently, it was found that polarized carbon hosts,
produced via incorporating sulfiphilic sites, are much better than plain carbon
matrices for enhancing S cathodes, owing to their strong chemical bonding to
polysulfides. On one hand, fundamental researches on sulfiphilic species, such
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as TiO2 and BaTiO3,76 metallic Cu and Co,75, 152 polyacrylonitrile,153 and Se-S
composite,154,

155

have been introduced in nanosized carbon to improve the

electrochemical performance of RT-Na/S batteries, although progress is still
impeded by the so-called shuttle-effects of sodium polysulfides. On the other
hand, nanosized structure of the carbon host is certainly not a panacea from the
applications perspective. Firstly, the troublesome synthesis approaches and the
dimensions of nanoparticles with low yield are difficult for mass production.
Secondly, their high electrolyte/electrode surface area may lead to more
difficulty in maintaining interparticle contact. Most importantly, the tap density
of a nanopowder is generally less than for micron-size materials, resulting in the
reduced volumetric energy density.156-161 Micron-size carbon hosts have not
been utilized in RT-Na/S batteries for confining polysulfides, however, due to
their inherent defects, including lower electrical conductivity, poor electrolyte
infiltration, and limited pore volume when compared to nanosized hosts.162-169
Therefore, it would be very challenging but highly profitable to realize a highly
efficient S cathode that was suitable for facile and large-scale production toward
practical RT-Na/S batteries.
In this work, we present a novel sulfiphilic host consisting of FeS2 nanograins
grown

in

situ

in

nitrogen-doped

hierarchical

carbon

microspheres

(FeS2@NCMS) with high pore voluem. After encapsulating S in the
FeS2@NCMS host, FeS2@NCMS/S composite with a high S loading ratio can
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be achieved, which is expected to exhibit enhanced polysulfide immobilization
and conversion as cathode in RT-Na/S batteries. First, such porous carbon
microspheres offer high surface area (569 m2 g-1) and pore volume (0.98 cm3 g-1)
to support abundant N-doped electroactive sites and high theoretical loading
mass of sulfur (70 wt %); and the interconnected carbon skeleton would
facilitate the accessibility of those sulfiphilic sites to polysulfide. Second, the
hierarchical microspheres are assembled from numerous nanocages that serve as
containers for S species, which can effectively confine the dissolution and
diffusion of polysulfides due to their excellent immobilizing effects derived
from the well-confined space and buffered diffusion paths. Third, the FeS2
electrocatalyst plays critical roles in optimizing the S cathode, because it shows
strong chemical bonding and a fast redox mechanism for polysulfides, leading
to high utilization of polysulfide reactions; moreover, the partially intercalated
FeS2 (NaxFeS2) during the initial discharge process could strengthen these
effects of FeS2 due to the enhanced electrical conductivity and adsorption
energy. And the micron-size FeS2@NCMS/S with uniform distribution can
achieve high volumetric energy density compared to those of nanosized hosts.
With favorable micro-/nano-architectures and strong electrocatalysis, the
synthesized high-kinetics FeS2@NCMS/S cathode has been designed to exhibit
high reversible capacity and lifespan, thus making a great leap forward for
practical RT-Na/S batteries.
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6.2 Experimental section
Material preparation: The lab-scale spray drying system was used to prepare the
composite powders of iron nitrate (Fe(NO3)3), β-cyclodextrin (β-CD),
polyvinylpyrrolidone (PVP), and melamine (C3N3(NH2)3). The precursor
solution

for

spray

drying

was

prepared

by

dissolving

3

g

L -1

polyvinylpyrrolidone, 15 g L-1 β-cyclodextrin, 3 g L-1 melamine, and 0.006 M
Fe(NO3)3 in deionized water. The above solution was stirring until transparent
before spray drying process. The temperatures at the inlet and outlet of the spray
dryer were fixed at 200 oC and 120 oC, respectively. The spray dried powders
were carried out at 300 oC for 2 hours and then 650 oC for another 2 hours in Ar
atmosphere to complete the carbonization process. The carbonized precursor
was ground with sulfur in an agate mortar and sealed in quartz tube, then
calcined at 155 oC for 24 h first and then 300 oC for 1 h to obtain the final
FeS2@NCMS/S composite. For comparison, the S incorporated NCMS
(NCMS/S) and CMS (CMS/S) were obtained through the same conditions.
Characterization: XRD patterns were employed with Cu Kα radiation in the 2θ
range of 10°-70° (PANalytical diffractometer, λ = 1.5406 Å, step size of 0.02° s1

). The morphology was detected via a field emission scanning electron

microscope (FESEM, JEOL JSM-7500FA). A 200 kV scanning transmission
electron microscope (STEM, JEM-ARM 200F) was equipped with a double
aberration-corrector to achieve selected area electron diffraction (SAED) with a
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probe-forming, image-forming lens systems. The angular range of collected
electrons for the high-angle annular dark-field (HAADF) images was around
70-250 mrad, while ABF-STEM images were recorded using a STEM-ABF
detector simultaneously. The EDS mapping results were obtained via STEM
using NSS software. In situ nanofabrication in this work were carried out inside
a transmission electron microscopy (TEM, FEIT Tecnai F20st), using a TEMSTM holder (Pico Femto FE02-ST) from Zeptools Co., Ltd. Synchrotron
powder diffraction data were collected at the Australian Synchrotron beamline
with a wavelength (λ) of 0.688111 Å, calibrated with the standard reference
material (National Institute of Standards and Technology (NIST) LaB6 660b).
Schematic representations of the synchrotron XRD data were obtained by
VESTA software. X-ray photoelectron spectroscopy (XPS) with Al Kα
radiation (hν = 1486.6 eV) was employed to detect the binding energies using a
SPECSPHOIBOS 100 Analyser installed in a chamber in high-vacuum. The
porosity was measured by nitrogen sorption isotherms at 77 K with a
Micromeritics Tristar 3020 analyzer (USA). Raman spectra were collected
using a 10 mW helium/neon laser at 632.8 nm excitation, which was filtered by
a neutral density filter to reduce the laser intensity, and a charge-coupled
detector (CCD). The thermal decomposition behavior of the products was
monitored by using a Mettler Toledo TGA/SDTA851 analyzer from 50 to
900 °C in Ar with a heating rate of 5 °C/min.
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Electrochemical measurements: The working electrodes for sodium-sulfur
cells were fabricated by mixing the as-synthesized samples, carbon black, and
carboxymethyl cellulose (CMC) binder in a weight ratio of 70:20:10 in water,
which were then pasted on aluminum foil followed by drying under vacuum at
55 °C for overnight. The test cells were assembled with metallic sodium as the
negative electrode, glass fiber separator (Whatman GF/F), and 1 M NaClO4 in
1:1 ethylene carbonate/propylene carbonate, and 3 wt. % fluoroethylene
carbonate additive (PC/EC + 3 wt. % FEC) electrolyte. The assembly of the test
cells was carried out in an argon-filled glove box, where water and oxygen
concentrations were kept at less than 0.1 ppm. The electrochemical properties
were examined by a NEWARE test system with a cut-off voltage range from
0.8 to 2.8 V (vs. Na/Na+). All batteries were rested for 12 hours before testing.
Cyclic voltammetry and impedance testing were performed using a Biologic
VMP-3 electrochemical workstation from 0.8 to 2.8 V at a sweep rate of 0.1
mV s-1. The pouch cell fabricating: The cathode slurry was consisted of
FeS2@NCMS/S, carbon black, and CMC binder with weight ratio of 7:2:1,
which was pasted on a 80mm˟70mm Al foil as a cathode electrode. The anode
electrode was prepared by coating Na metal on a 83mm˟73mm Cu foil. The
pouch cell was then assembled in an argon-filled glove box followed by
electrolyte injection.
Computational methods: Theoretical calculations were carried out based on
the density functional theory and the plane-wave pseudopotential method. The
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generalized gradient approximation (GGA) of the Perdew–Burke–Ernzerhof
(PBE) exchange correlation function was adopted with the plane-wave cutoff
energy set at 500 eV. All geometry optimizations and energy calculations were
performed using the periodic boundary conditions. The distance between
adjacent molecules and slabs was at least 15 Å. And only Γ point was used for
the reciprocal space. The criterion of convergence was set that the residual
forces are less than 0.01 eV/Å and the change of the total energy was less than
10-6 eV. The binding energy can be expressed as E(b) = E(Na2Sx) + E(slab) −
E(Na2Sx@slab), where E(Na2Sx@slab), E(Na2Sx), and E(slab) are the total
energies of the adsorbed system, the Na2Sx species, and the surface slab,
respectively.
6.3 Results and discussion
The synthetic strategy for the FeS2@NCMS/S composite by a large-scale
template-free approach is schematically illustrated in Figure 6.1. The precursor
solution was prepared by well mixing the Fe source, β-cyclodextrin (β-CD),
polyvinylpyrrolidone (PVP), and the N source additives, which can be used to
produce spherical precursors by spray-drying. For a laboratory‐scale spray dryer,
the maximum capacity can be up to 2500 mL h−1, which is suitable for quick
and large‐scale production (Figure 6.2). β-CD is one of the well-known
supramolecular compounds that are toroidal in shape with a hydrophobic inner
cavity and a hydrophilic exterior.170 These unique characteristics can enable
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them to bind selectively various organic and inorganic molecules in their
cavities and on their exterior to form stable inclusion complexes and
nanostructured hollow assemblies. In this synthesis, benefiting from the high
molecular selectivity and enantioselectivity of β-CD, the exterior hydroxyls of
the β-CD molecule can form hydrogen bonds with PVP in water solution.
Subsequently, the PVP coordinates to Fe3+ to form Fe-PVP-β-CD complexes
with the inner cavity retained.171 The Fe-PVP-β-CD complex as a molecular
template with a cavity structure is responsible for both structural control and
pore formation, which finally form the hierarchical structure with hollow
nanocage assemblies in microspheres during the carbonization process.
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Figure 6.1 Schematic illustration of the synthetic process for the
FeS2@NCMS/S composite.

Figure 6.2 Schematic diagram of the laboratory-scale spray-drying system used
to prepare the composite precursor powders of the Fe source, β-cyclodextrin (βCD), polyvinylpyrrolidone (PVP), and the N source additives.
The X-ray diffraction (XRD) analysis in Figure 6.3a shows that the
crystalline structures of Fe3O4 (35.5 and 43.1o), metallic iron (44.8o), and carbon
(25.9o) were detected in the hierarchical precursor (Fe3O4-Fe@NCMS),
indicating that the Fe source can be reduced to metallic iron during the
carbonization process with partial oxidation. In the following sulfur loading
process, the XRD pattern of the FeS2@NCMS/S composite (average size of
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FeS2: 6.7± 0.8 nm) is dominated by the elemental sulfur with a high sulfur
content of 65.5 wt% (Figure 6.3b,c). It is interesting to note that the diffraction
peaks of both iron oxide and metallic iron are disappeared, which means they
were transferred to other materials during the high temperature sulfur loading
process. Once the sulfur has been removed by immersing FeS2@NCMS/S in
CS2 and further evaporating it in a furnace, the characteristic peaks of FeS2 can
be clearly observed, confirming that both the previously formed iron oxide and
metallic iron can be sulfurized to FeS2 during the sulfur loading process.78, 166
The nitrogen absorption analysis of Fe3O4-Fe@NCMS revealed a high specific
surface area of 569 m2 g-1, and a hierarchical porous structure with total pore
volume of 0.98 cm3 g-1 can be observed (Figure 6.3d). After the sulfur infusion,
the values of the specific surface area and pore volume decrease to 130 m 2 g-1
and 0.21 cm3 g-1, respectively, which can be attributed to the distribution of S in
both the hollow spaces and the pores of the host. The pore volume variation of
0.77 cm3 g-1 was calculated to a maximum of 1.96 g of S embedded in the
mesopores for each gram of the host, which is consistent with the
thermogravimetric analysis (TGA) (Figure 6.3c).
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Figure 6.3 (a) XRD patterns of the Fe3O4-Fe@NCMS, FeS2@NCMS/S, and
sulfur-removed FeS2@NCMS. (b) Histogram showing the size distribution of
FeS2 nanoparticles based on a count of 100 nanoparticles with the
corresponding HAADF-STEM image of FeS2@NCMS/S obtained by the
focused ion beam (FIB) as inset. (c) Thermogravimetry (TG) and
thermogravimetry (DTG) derivativecurves of the FeS2@NCMS/S and NCMS/S.
(d) N2 absorption/desorption isotherms and pore size distribution (inset) for the
Fe3O4-Fe@NCMS matrix and FeS2@NCMS/S composite.
The sulfurization process during high temperature sulfur loading is also
evidenced by X-ray photoelectron spectroscopy (XPS). There are six deconvoluted peaks for the Fe 2p XPS spectrum in Fe3O4-Fe@NCMS (Figure
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6.4a). The four peaks respectively correspond to Fe2+ (710.9 and 724.8 eV) and
Fe3+ (713.3 and 727.1 eV) in the Fe3O4 phase,172 while the other two peaks
(706.6 and 719.3 eV) correspond to Fe0 of metallic iron.173 For the
FeS2@NCMS/S composite (Figure 6.4b), there are only two peaks located at
707.5 and 720.4 eV that can be assigned to the Fe 2p 3/2 and Fe 2p1/2 binding
energies in FeS2, respectively. The two peaks in the S 2p spectrum (Figure 6.4c)
at 162.4 and 163.8 eV are assigned to the 2p3/2 and 2p1/2 orbitals of S in FeS2,
while the peaks at 163.2 and 164.5 eV are ascribed to the spin-orbit coupling of
elemental S.174 The above results indicate that the two iron species in Fe3O4Fe@NCMS can be converted to FeS2 during the sulfur loading process. The
doped nitrogen (Figure 6.4d) leads to the dominance of pyridinic and pyrrolic
nitrogen at 397.7-400.3 eV. The N-doped carbon could serve as a conductive
Lewis base matrix, which is expected to increase the adsorbability with respect
to the polysulfides and promote the conversion kinetics.79
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Figure 6.4 High-resolution XPS spectra of (a) Fe 2p for Fe3O4-Fe@NCMS
matrix and (b) Fe 2p, (c) S 2p, and (d) N 1s for FeS2@NCMS/S composite.
The field-emission scanning electron microscopy (FESEM) image shows
that the sulfur loaded product has a microsphere morphology with an average
diameter of ~1.1 ± 0.1 μm (Figure 6.5a), which can provide a higher electron
density, leading to a favorable volumetric energy density. The magnified
FESEM and transmission electron microscope (TEM) images (Figure 6.5b,c)
show that numerous nanocages derived from the Fe-PVP-β-CD complex are
distributed in the microspheres and interconnected throughout the carbon
skeleton. This interconnected hierarchical structure can not only improve the
utilization of S, but also facilitates electron transfer inside the hierarchical
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microsphere. The TEM and scanning TEM (STEM) images indicate that there is
a homogeneous distribution of FeS2 nanoparticles coupled with nanocages that
are embedded in the microspheric skeleton (Figure 6.5d,e). It is interesting to
note that the iron species, PVP, and β-CD play different roles in the formation
of the hierarchical structure. The iron species are responsible for the robust
spherical morphology at high temperature (Figure 6.6a), while PVP controls the
size distribution of the nanoparticles (Figure 6.6b), and β-CD plays the key role
in the formation of the pore structure (Figure 6.6c). The high-resolution TEM
(HRTEM) image reveals that the lattice spacing of 0.336 nm, corresponding to
graphitic carbon layers, is found near FeS2 nanoparticles, which results from the
catalytic graphitization of amorphous carbon by the formation of metallic iron
during the carbonization process (Figure 6.5f).175-177 The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image
of FeS2@NCMS/S clearly reveals the distinct crystal and atomic arrangements
of FeS2 nanoparticles (Figure 6.5g). The interplanar spacing between adjacent
lattice planes was measured to be 0.224 and 0.382 nm, corresponding to the (211) and (110) planes of FeS2, respectively. The typical molecular models (inset)
of FeS2 along the [-113] projected direction coupled with the fast Fourier
transform (FFT) pattern are also highly consistent with the pyrite phase,
indicating a high degree of crystallinity for the FeS2 nanograins (Figure 6.5h).
The STEM energy dispersive spectroscopy (EDS) mapping images and line
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scanning (Figure 6.5i) of individual particles show the homogeneous
distribution of Fe, N, and S elements along the C skeleton.

Figure 6.5 FESEM images at (a) low and (b) high resolution of FeS2@NCMS/S
composite with histogram showing size distribution as inset. (c and d) TEM
images of FeS2@NCMS/S composite. (e) STEM image and (f) HRTEM image
of FeS2@NCMS/S composite. (g) HAADF-STEM image matched with the
corresponding molecular model of FeS2, and (h) corresponding FFT image of
FeS2@NCMS/S composite. (i) STEM-EDS mapping images coupled with EDS
line scanning of FeS2@NCMS/S composite.
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Figure 6.6 FESEM, magnified FESEM, and TEM images of carbonized spray
dried powders by different recipes: (a) as-prepared solution without Fe source
(amorphous carbonized dextrin), (b) as-prepared solution without PVP, and (c)
as-prepared solution with dextrin derived from potato.
To further confirm that the sulfur has been encapsulated inside the host
rather than absorbed on the surface, STEM-EDS mapping images of a crosssection of the FeS2@NCMS/S cathode were obtained by the focused ion beam
(FIB) technique. It is obvious that the elements (C, N, S, and Fe) are
homogeneously distributed along the cross-section as well, indicating the
homogeneous distribution of sulfur in both the surface and the interior due to
the facilitated sulfur infiltration channels through the meso- and micropores
(Figure 6.7a). The mass content of FeS2 nanograins in the FeS2@NCMS host
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was conducted by TGA under flowing air, which indicates that the overall
content of FeS2 nanoparticles in the hierarchical microspheres is 14.5 wt%
(Figure 6.7b). It is expected that the FeS2@NCMS/S cathode with a hierarchical
microspheric carbon skeleton and electrocatalytic effect based on the N-doped
sites and FeS2 nanograins could provide synergetic effects towards physical
confinement and chemical bonding to immobilize the polysulfides in RT-Na/S
batteries.

Figure 6.7 (a) STEM-EDS mapping images of a cross section of the
FeS2@NCMS/S cathode obtained by the focused ion beam (FIB) technique. (b)
Thermogravimetry (TG) curve of FeS2@NCMS matrix under flowing air.
The assembled coin cells with FeS2@NCMS/S cathode, a conventional
current collector, and carbonate-based electrolyte were tested in the voltage
window of 0.8-2.8 V. The Cyclic voltammograms (CVs) were recorded at a
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scan rate of 0.1 mV s-1, as is shown in Figure 6.8a. There are two prominent
peaks centred at 2.15 and 0.83 V during the first cathodic scan. The peak around
2.15 V can be attributed to the transition from elemental sulfur to long-chain
polysulfides, and the soluble long-chain polysulfides are gradually transformed
to less soluble short-chain Na2S4 in the following reactions.73 The sharp peak at
0.83 V corresponds to the formation of Na2S and the solid-electrolyte interphase
(SEI) layer during the further sodiation. In the following five cathodic scans,
two major repeatable reduction peaks appear at 1.48 and 1.02 V, which
correspond to the conversion of the dissolved Na2Sx (4 < x ≤ 8) to Na2S4 and the
formation of short-chain Na2S2 and Na2S, and are highly repeatable without
current attenuation, indicating a reversible reaction mechanism with high
capacity retention in this system. It is interesting to note that the electrocatalystfree cathode, the sulfur-loaded nitrogen-doped hierarchical carbon microsphere
(NCMS/S), cathode shows obvious current attenuation and a less defined
cathodic peak (around 1.5 V), caused by the loss of active material and the
sluggish reactivity of sulfur towards sodium when compared to that of
FeS2@NCMS/S (Figure 6.9a). This indicates that the FeS2@NCMS/S electrode
promises better electrochemical performance in RT-Na/S batteries with the
assistance of strong adsorption capability of the FeS2 nanograins. The
charge/discharge plateau shown in Figure 6.8b can be clearly distinguished
from the 1st to the 300th cycle at 0.1 A g-1 for FeS2@NCMS/S electrode. The
discharge plateaus above 2.0 V and below 1.5 V for the initial cycle are
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attributed to the reduction from sulfur to long-chain polysulfides and the
formation of short-chain polysulfides, respectively. Interestingly, the plateau
above 2.0 V disappeared after the second cycle, whilst the well-defined plateau
around 1.5 V became clear and was highly repeatable in the following cycles.
This suggests that the transition between sulfur and the polysulfides is
irreversible. Thus, the long-chain polysulfides Na2Sx and the short-chain
polysulfides dominate the redox reactions in this RT-Na/S system. Based on this
highly reversible mechanism, the FeS2@NCMS/S electrode delivered a high
initial capacity of 1471 mAh g-1 and maintained a stable capacity of 524 mAh g1

over 300 cycles at a current density of 0.1 A g-1 (Figure 6.8c). Remarkably, the

FeS2@NCMS/S composite delivered a reversible capacity of 395 mAh g −1 for
850 cycles even at 1 A g-1 (Figure 6.9b). In the case of the electrocatalyst-free
host, however, the NCMS/S electrode with a sulfur loading of 61.7 % showed a
dramatic capacity loss of 60% based on the 2nd cycle after 300 cycles and a low
retained capacity of 270 mAh g-1 at 0.1 A g-1 because of the polysulfide
dissolution. The excellent cycling performance of the FeS2@NCMS/S electrode,
especially compared to the electrocatalyst-free cathode, is highly attributable to
not only the strong chemical bonds between Na2Sx and the polar surface, but
also the fast reduction of long-chain polysulfides due to the FeS2 electrocatalyst.
The FeS2@NCMS/S electrode also presented excellent rate performance,
delivering reversible capacity of 624, 573, 533, 444, 340, and 139 mAh g -1 at
current densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g-1, respectively (Figure 6.8d).
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Upon reverting back to 0.1 A g-1, the FeS2@NCMS/S electrode shows a fully
restored capacity of 581 mAh g-1. Obviously, the FeS2@NCMS/S presented
much better high-rate capability as compared to the electrocatalyst-free cathode.
To the best of our knowledge, this rate performance of the micron-size cathode,
benefitting from the hierarchical physical entrapment and electrocatalytic
anchoring of polysulfides, is competitive with the previously reported nano-size
cathodes with a conventional current collector and carbonate-based electrolyte
(Figure 6.8e). It is notable that a large irreversible capacity loss is observed in
the initial cycle for both samples, and there is a gradual decay over the initial 50
cycles for the NCMS/S electrode. As discussed in Figure 6.8a and b, the large
irreversible capacity between the initial and second cycles could be attributed to
three major parts: (i) the irreversible transition between sulfur and the
polysulfides; (ii) the loss of active material due to the dissolution of the surface
polysulfides into the carbonate electrolyte; (iii) the formation of the solidelectrolyte interphase (SEI) layer during the sodiation process in the low voltage.
The limited capability for polysulfide immobilization of the S-host, however, is
responsible for the capacity decay over the initial 50 cycles. As in the
comprehensive comparison with previous reports that is presented in Figure 3e,
FeS2@NCMS/S shows outstanding results in terms of both its rate capability
and its capacity retention relative to the 2nd cycle after the first 50 cycles. The
successful polysulfide immobilization of the FeS2@NCMS/S cathode can be
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assigned to not only the electrocatalytic effects of the encapsulated FeS2
nanograins but also the well-designed hierarchical structures.

Figure 6.8 (a) Cyclic voltammograms of FeS2@NCMS/S composite at 0.1 mV
s-1. (b) charge/discharge curves of FeS2@NCMS/S composite at 0.1 A g-1. (c
and d) Cycling performance and rate performance of FeS2@NCMS/S and
NCMS/S, where solid and hollow spheres represent discharge and charge,
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respectively. (e) Comparison of this work with previously reported RT-Na/S
batteries with respect to the rate capability and capacity retention relative to the
2nd cycle after the first 50 cycles (inset).

Figure 6.9 (a) Cyclic voltammograms of NCMS/S cathode for the first four
cycles. (b) Cycling performance of FeS2@NCMS/S at 1 A g-1 (discharge at 0.1
A g-1 in the initial cycle)
The successful polysulfide immobilization of the FeS2@NCMS/S cathode
can be assigned to not only the electrocatalytic effects of the encapsulated FeS2
nanograins but also the well-designed hierarchical structures. The hierarchical
spheres assembled from nanocages as interconnected containers for S species
can effectively confine the dissolution and diffusion of polysulfides, due to their
excellent immobilizing effects derived from the well-confined space and
tortuous diffusion paths. To highlight advantages of the hierarchical structure,
the carbon microspheres sulfur composite (CMS/S) without the hierarchical
structure was tested, which is inactive with negligible reversible capacity in the
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same conditions (Figure 6.10a). The Nyquist spectrum of CMS/S after 30 cycles
shows much higher charge transfer resistance (Rct) than FeS2@NCMS/S and
NCMS/S (Figure 6.10b). When the cells were disassembled, the separator of
CMS/S had become heavily yellow. The corresponding SEM images collected
before and after cycling and cross-sectional EDS mapping images of CMS/S
electrode showing thick film and pronounced crack formation in the cycled
electrodes with concentrated signal of sodium on the surface (Figure 6.10c).
Uniform dispersions of S and Na were observed, however, in both
FeS2@NCMS/S and NCMS/S. The open pore structure of CMS/S is proven to
be responsible for its electrochemically inactive when compared to the wellconfined NCMS/S, which caused the formation of thick insulating layer and
pronounced cracks in the carbonate electrolyte due to the heavy dissolution of
polysulfides and volume expansion in the course of cycling. This phenomenon
finally impeded Na+ diffusion and electron transfer, which ultimately resulted in
increased cell resistance. Furthermore, optically transparent RT-Na/S cells are
shown in operation in Figure 6.11. After 8 h of discharging, a faint yellow color
is observed in the transparent cell for the NCMS/S, which is due to the resultant
polysulfide migration. In contrast, no obvious color change is observed for the
FeS2@NCMS/S.

168

Figure 6.10 (a) Cycling performance of CMS/S at a current density of 0.5 A g -1
with corresponding charge/discharge curves as inset. (b) Nyquist plots for
FeS2@NCMS/S, NCMS/S, and CMS/S with the equivalent circuit model as
inset. (c) SEM images and cross-sectional EDS mapping images: (i)
FeS2@NCMS/S, (ii) NCMS/S, and (iii) CMS/S electrodes with digital
photographs of the corresponding separators.

Figure 6.11 Visual confirmation of polysulfide entrapment of FeS2@NCMS/S
(left) and NCMS/S (right) cells at specific discharge depths.
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Based on the quite good results obtained from the transparent cell, we
designed minitype pouch cells (0.1 Ah) with FeS2@NCMS/S cathodes and
sodium coated copper foil anodes (Figure 6.12). After assembly, the pouch cells
were discharged and charged repeatedly at a current density of 0.75 mA cm-2.
Overall, the cycling of Na|FeS2@NCMS/S pouch cells was stable, and the
voltage profiles were identical to those of the coin cells, demonstrating the
practicability of RT-Na/S batteries with the high-kinetics FeS2@NCMS/S
cathode. These results further confirmed that the well-confined hierarchical
structure and electrocatalyst greatly immobilized the dissolution and diffusion
of polysulfides, guaranteeing the high kinetics and high performance of
FeS2@NCMS/S cathode, as well as its practicability for the RT-Na/S system.
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Figure 6.12 (a) Pouch cell cycling performance at room temperature. The insets
show a photograph of the pouch cell with our FeS2@NCMS/S (left) and a
schematic illustration of the single pouch cell configuration (right). (b)
Charge/discharge curves for the second cycle. CMC: carboxymethyl cellulose
binder.
To gain insight into the mechanism and high kinetics of FeS2@NCMS/S in
the highly reversible reactions, in-situ synchrotron XRD (λ = 0.688111 Å)
carried out on the Powder Diffraction Beamline (Australian Synchrotron) was
performed to investigate the charge/discharge products and intermediate phases
of the RT-Na/FeS2@NCMS/S cell (Figure 6.13a). There are three obvious peaks
in the fresh cell. One of them, located at 6.91°, can be indexed to the (113)
planes of elemental sulfur (JCPDS No. 77-0145). The other two at 14.97° and
16.25° are attributed to the (200) and (210) planes of FeS 2 (JCPDS No. 421340). The transition from S8 to long-chain polysulfides (Na2Sx) started at 2.1 V
with extended shoulder at 6.7-6.8° which is related to the generation of
polysulfide species and detected through the organized adsorption of Na 2Sx at
the ferrous disulfide surface of the hierarchical host.178,
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During further

discharging, a new peak at 13.8° appeared at 1.45 V, indicating the reaction
from Na2Sx to Na2S4 (JCPDS No. 71-0516). The thus-formed Na2S4 could be
further reduced to Na2S2 (JCPDS No. 81-1771) with the discharge voltage from
1.45 to 1.2 V. The peaks of Na2S4 and Na2S2 gradually faded with the signal of
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Na2S (JCPDS No. 77-2149) emerged, since further discharged to 1.1 V, which
signify the final discharging product in this RT-Na/FeS2@NCMS/S cell.
Therefore, combined with the CV analysis, the following picture is revealed: S8
undergoes three intermediate phases (Na2Sx, Na2S4, and Na2S2) to reach the final
product (Na2S) in the initial discharge. When desodiated back to 2.0 V, the
peaks of Na2S2 and Na2S4 are detected, demonstrating that the reverse
conversions in this system. The signal of S8 cannot be detected, however, even
on full desodiation back to 2.8 V, suggesting the irreversibility of sulfur
reduction. The working mechanism for RT-Na/S batteries are different from the
high- and intermediate-temperature Na–S batteries which the formation of solid
Na2S2 dramatically increases the electrode resistance and prohibits any further
discharge reaction.10 Firstly, in room-temperature Na–S battery, the solid Na2S2
can be fully reduced to solid Na2S benefit from the highly conductive
framework provided by the host material. Besides, in room-temperature Na–S
battery, the plateau around 1.5 V is mainly corresponding to the conversion of
the Na2Sx (4 < x ≤ 8) to Na2S4, and the formation of Na2S2 and Na2S can be
assigned to the plateau around 1.0 V. It is worth to note that the diffraction peak
intensity of Na2S2 become weak and disappeared in the following charge and
discharge processes. This indicates that the oxidation rate of Na2S2 as it is
transformed into Na2S4 and the reduction rate of Na2S2 into Na2S are
dramatically accelerated. Based on the above results, showing the benefit from
the electrocatalytic effect of FeS2 nanograins, we propose a two-step
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electrocatalytic mechanism, in which the redox reactions of polysulfides occur
on the FeS2@NCMS/S electrode through two distinctive steps with Na2S2 as an
intermediate. The polysulfides adsorbed on the polar surface of FeS2
nanoparticles by tight chemical bonds first undergo a sodiation process through
the low diffusion barriers at the surface to form a Na2S2 intermediate, which is
subsequently catalyzed to the final product, Na2S. This reasonably analysis of
the electrocatalytic effect shows that it could restrain the dissolution of Na2S4 by
catalyzing it to insoluble short-chain polysulfides, and it promises better
electrochemical performance of the FeS2@NCMS/S cathode in RT-Na/S
batteries as well. The electrocatalytic behavior was further verified and
highlighted via density functional theory (DFT) calculations to investigate the
binding energies to polysulfides and diffusion barriers for Na ions on FeS2
nanograins and the nitrogen-doped substrate. The optimized structure of the
FeS2 (0 0 1) surface for polysulfide adsorption behavior is shown in Figure
6.13b. The chemical interactions are dominated by the bonds between Na2Sx and
FeS2. As shown in Figure 6.13c, the binding energies of Na2S6 on FeS2 and
nitrogen-doped substrate are 1.32 and 0.55 eV (as listed in Table 6.1),
respectively, which are much higher than that on the pure carbon dominated by
van der Waals interactions (0.07 eV). More importantly, the binding energy of
Na2S2 intermediate on FeS2 is the highest at 2.78 eV, which is more than triple
that on the nitrogen-doped substrate, indicating the possibility that Na2S2
intermediate has the fastest catalytic reaction in the RT-Na/FeS2@NCMS/S
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battery. Furthermore, we simulated the diffusion barriers for Na ions on the
FeS2 (0 0 1) surface with three different paths. Path 1 is along the b-axis (A ->
B), as shown in Figure 6.13d. Path 2 is along the a-axis (B -> C), and path 3 is
C -> A. The energy profiles along the individual paths for FeS 2 are shown in
Figure 6.13e. It can be found that path 1 has the smallest diffusion barrier,
which is only 0.071 eV. The diffusion barriers for paths 2 and 3 are 0.149 and
0.147 eV, respectively. On the FeS2 (0 0 1) surface, S-Fe bonds form channels
along the b-axis. So, Na ions are easier to transport via path 1 than paths 2 and 3.
The former is along these channels, while the latter needs to climb the barrier of
channels. It should be noted, however, that the barrier for the channels is very
small (0.08 eV). So, the FeS2 shows small Na ion diffusion barriers for all paths
that lie the region of 0.071 to 0.149 eV (as listed in Table 6.2), presenting
enhanced high kinetics for polysulfide redox reactions based on the fast ion
diffusion on the polar surface. Therefore, the diffusions in these three pathways
have double-peak and single-peak profiles. This two-step electrocatalytic
mechanism can benefit from both the strong binding energy of polysulfides and
the low diffusion barrier on FeS2 nanograins, as illustrated in Figure 6.13f.
Firstly, the polar surface of FeS2 as a catalytic site can strongly adsorb soluble
long-chain polysulfides, which greatly promotes their nucleation. Secondly, as
the fast-catalytic reaction goes on, the long-chain polysulfides quickly convert
to short-chain polysulfides with boosted bonding energy. Once the Na2S2
intermediate has formed, the bonding energy increases to the highest 2.78 eV,
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and thus, the Na2S2 immediately decomposes to the final product Na2S with a
further boosted catalytic reaction.20 In comparison, the host without
electrocatalysis (Figure 6.13g) suffers from a dramatic diffusion of long-chain
polysulfides and incomplete conversion reactions due to the sluggish reaction
kinetics of sulfur and its Na2S product. This phenomenon is repeated in every
subsequent cycle, which leads to the formation of a thick insulating layer, thus
resulting in severe capacity fading.

Figure 6.13 (a) In-situ synchrotron XRD patterns of an RT-Na/S battery
containing a FeS2@NCMS/S electrode with the corresponding galvanostatic
charge/discharge curves at the current density of 200 mA g -1. (b) Atomic
conformations and binding energies for Na2Sx species adsorption on the FeS2 (0
0 1) surface. (c) Comparison of the binding energies of various Na2Sx molecules
bound to FeS2, N-doped carbon, and pure carbon, respectively, with atomic
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conformations of Na2S4 adsorption on N-doped carbon and pure carbon as insets.
(d) Top view schematic representation of corresponding diffusion pathways for
FeS2. (e) Energy profiles for three different diffusion processes of Na ions on
the FeS2 (0 0 1) surface. Schematic illustration of the sulfur conversion process
and the electrocatalytic mechanism of (f) FeS2@NCMS/S and (g) NCMS/S.
Table 6.1 Calculated binding energies (in eV) for sodium polysulfides on the
FeS2 (0 0 1) surface, N-doped carbon, and carbon, respectively.
sodium polysulfide

FeS2 nanocrystal

N-doped carbon

carbon

Na2S6

1.32

0.55

0.07

Na2S4

1.46

0.56

0.18

Na2S2

2.78

0.80

0.46

Na2S

2.46

0.71

0.35

Table 6.2 Calculated diffusion barriers (in eV) for a sodium ion on the FeS 2 (0
0 1) surface.

Diffusion barriers
(eV)

Path 1

Path 2

Path 3

0.071

0.149

0.147

To further visually demonstrate the anchoring ability of the hierarchical
carbon microspheres and the above hypothesis, the sodiation/desodiation
process of the hierarchical host was recorded using in-situ TEM (Figure 6.14a).
Here, the nanocage assemblies as independent containers for S species
effectively prevent the polysulfides from expanding out of the hierarchical
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sphere

in

sodiation/desodiation

processes. The representative pristine

FeS2@NCMS/S shows a diameter of 535 nm. During the sodiation process
(Figure 6.14b), the volume of the representative particle increased gradually as
the sodiation time was extended, resulting in a slight volume expansion of
3.4 %. The volume almost fully recovers to the pristine state after full
desodiation (Figure 6.14c). The slight volume variation and barely diffused
polysulfide confirm that the interconnection of the nanocages and incorporation
of FeS2 electrocatalyst can prevent the expansion of sulfur species. After the
initial sodiation process, the anchored Na2S particles are visibly observed,
indicating the highly efficient immobilization of the hierarchical structure. As
shown in in-situ selected area electron diffraction (SAED) patterns (Figure
6.14d), the diffraction patterns of FeS2 are observed in the pristine particle. And
a new diffraction pattern with a recognizable reflection of the (220) planes of
Na2S is observed when Na ions are introduced into FeS2@NCMS/S for 255 s.
With the sodiation process went on, more identified diffraction rings of Na2S
are clearly observed, which is in good agreement with the results of in-situ
synchrotron XRD. Similar to lithium-sulfur batteries, the signal of those
intermediate states cannot be found by the in-situ TEM observation.176 Based on
the previous work and our results, there are two potential causes for the
phenomenon. On one hand, the poor thermal stability of sulfur and long-chain
sodium polysulfides could be burned or melted by the zoomed electron beam,
and the high thermal stability of Na2S selectively retained. On the other hand,
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based on the reduction equation: Na2Sx + (2x-2)Na+ + (2x-2)e- = xNa2S, the
zoomed electron beam could accelerate the reduction of long-chain sodium
polysulfides to Na2S with sufficient Na+ and electron during the discharging
process. The trace of NaxFeS2 is found to coexist with FeS2 at 401 s in the
sodiation process, demonstrating that the Na+ partially intercalate into FeS2. The
intercalation-type FeS2 therefore has fast kinetics, since NaxFeS2 has high
polaron mobility.180 Consequently, the affinity for polysulfides of the novel
host can not only be attributed to the FeS2 electrocatalyst and the conductive
Lewis base matrix but also the hierarchical structure assembled form nanocages
as well, thereby suppressing the shuttling effect and resulting in stable
cyclability.
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Figure 6.14 (a) Schematic illustration of in-situ TEM apparatus and pristine
image of an individual FeS2@NCMS/S particle. (b and c) Sequential images of
FeS2@NCMS/S electrode from in-situ TEM measurements during sodiation and
desodiation processes, respectively. (d) In-situ SAED patterns for the
FeS2@NCMS/S electrode operated at various states during the initial discharge.
6.4 Conclusion
A hierarchical high-kinetics S cathode suitable for large-scale production has
been synthesized in this work. In-situ synchrotron XRD, in-situ TEM, and DFT
results confirm that the hierarchical nano-/microstructure coupled with the
effective FeS2 electrocatalyst simultaneously achieved high reversible capacity
and long lifespan for the FeS2@NCMS/S cathode. Significantly, the soluble
polysulfides can be strongly adsorbed and catalyzed on the polar surfaces of
FeS2 nanograins. They undergo a fast sodiation process to form Na2S2
intermediate through the polar surface with low diffusion barriers, and then
subsequently transform into the final discharge product, Na2S, preventing the
active material from dissolving in the carbonate electrolyte. Consequently, the
novel cathode offers a high reversible capacity of 624 mAh g-1 at 0.1 A g-1 and a
steady capacity of 395 mAh g-1 at 1 A g-1 for 850 cycles. By constructing the
high-kinetics S cathode via the industrialized spray-drying technique, this work
will open up a new avenue for superior RT-Na/S batteries in terms of mass
production and practical application.
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Chapter 7 General Conclusions and Outlook

7.1 General conclusion
In this doctoral work, some novel cathode materials for both sodium-ion
batteries and room-temperature sodium-sulfur batteries have been investigated,
with the intention of transferring laboratory-scale research to large-scale
production. To realize the goal of fabricating cost-effective renewable batteries,
the traditional expensive elements (Li, Ni, and Co) were abandoned, with earthabundant elements (Na, Cu, and S) chosen instead for further research. For the
synthetic methods, the facile and potentially large-scale sol-gel and spraydrying methods were selected for the laboratory research in consideration of
their potential for mass production in the future. The results of this work, in
terms of excellent performance and clear mechanisms, could enable a great leap
forward for practical sodium-based energy storage systems.
A novel hydrostable material, Na0.78Cu0.27Zn0.06Mn0.67O2, with a P2@P3
biphase structure, was synthesized via a simple sol-gel method. Zn doping not
only induced the formation of P3 phase but also offered a reversible mechanism,
leading to improvements in both structural/electrochemical stability and
humidity resistance. Moreover, electrochemical reactions based on the Cu2+/3+
redox couple in the engineered material effectively decrease the fabrication cost
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of providing reliable reversible capability in the meantime. In this material, we
demonstrated that most of Cu2+ have been oxidized to Cu3+ below 3.8 V during
charge process with a solid solution reaction, and small quantities of Cu 2+ that
are involved in the Na extraction upon 3.8 V with phase transitions. This
biphasic material with high structural/electrochemical stability and tolerance
toward water and temperature should encourage the tailoring of physical and
chemical characteristics in copper-related biphasic composite.
An integrated structure has been developed to address the poor reaction
kinetics of sulfur species and severe polysulfide migration. The physical
confinement by the carbon shells and chemical bonding by doped nitrogen and
NiS2 nanocrystals are of great benefit for polysulfide immobilization. Besides,
both in situ synchrotron XRD and DFT results confirm that the doped nitrogen
atoms coupled with the NiS2 nanocrystals serve as effective electrocatalytic
sites, which significantly promote fast conversion from polysulfide to Na2S.
Moreover, the possible side-reaction between the dissolved polysulfide and
electrolyte can be prevented by the strong polysulfide immobilization of the
multifunctional sulfur host as evidenced by EDS mapping. Consequently, the
novel designed cathode can deliver a high reversible capacity of 650 mAh g -1
over 200 cycles at 0.1 A g-1 and excellent cycling stability for 3500 cycles. Our
finding on electrocatalytic polysulfide immobilization and conversion may open
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up a new avenue for designing diverse S-based cathodes for superior RT-Na/S
batteries.
A hierarchical high-kinetics S cathode suitable for large-scale production
has been synthesized in this work. In-situ synchrotron XRD, in-situ TEM, and
DFT results confirm that the hierarchical nano-/microstructure coupled with the
effective FeS2 electrocatalyst simultaneously achieved high reversible capacity
and long lifespan for the FeS2@NCMS/S cathode. Significantly, the soluble
polysulfides can be strongly adsorbed and catalyzed on the polar surfaces of
FeS2 nanograins. They undergo a fast sodiation process to form Na2S2
intermediate through the polar surface with low diffusion barriers, and then
subsequently transform into the final discharge product, Na2S, preventing the
active material from dissolving in the carbonate electrolyte. Consequently, the
novel cathode offers a high reversible capacity of 624 mAh g-1 at 0.1 A g-1 and a
steady capacity of 395 mAh g-1 at 1 A g-1 for 850 cycles. By constructing the
high-kinetics S cathode via the industrialized spray-drying technique, this work
will open up a new avenue for superior RT-Na/S batteries in terms of mass
production and practical application.
7.2 Outlook
The main focus of this doctoral work has been on selecting cost-effective and
electrochemically-active cathode materials. For SIBs, the short comings of SIBs
in terms of cycle life and energy density have greatly limited their practical
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application. Therefore, there are three main strategies that can be considered for
future practical SIBs. Firstly, the selected cathode materials should present a
high discharge voltage, only minor phase transition, and most importantly, a
highly electrochemically active element with nontoxicity and abundant reserves.
Secondly, a high-voltage carbonate electrolyte needs to be developed with
stable ionic conductivity and thermal stability. Thirdly, optimizing the surfaces
of both cathode and anode materials for uniform and stable SEI formation could
greatly benefit the cycle life of SIBs.
The practical applications of RT-Na/S batteries are mainly impeded by the
problematic S cathode, due to its insulating nature and the slow redox kinetics
of sulfur, as well as the dissolution and migration of the reaction intermediates
(sodium polysulfide, Na2Sx, 4 ≤ x ≤ 8). These drawbacks not only cause serious
loss of active materials but also incomplete conversion reactions during
charge/discharge processes, resulting in rapid capacity decay and poor
reversible capacity. There are three ways to solve the issue of the problematic S
cathode in RT-Na/S batteries. From the host perspective, the sulfur host should
have a well-confined hollow structure, especially in carbonate electrolyte,
which can prevent the dissolution and migration of the reaction intermediates
and the volume expansion of sulfur. From the electrolyte perspective, the key
issue is improving the ionic conductivity and thermal stability of the carbonate
and ether electrolyte with less solubility of polysulfides. The final goal for RT183

Na/S batteries is to avoid using sodium metal anode by introducing sodium
polysulfide/carbon composite cathodes, which could tremendously improve the
safety and applicability of RT-Na/S batteries.
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